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Abstract

During the past decade, polymer nanocomposites have emerged as a novel and

rapidly developing class of materials and attracted considerable investment in re-

search and development worldwide. Driven by the certainty that by the integration

of low nano�ller amounts, existing material properties can be improved and more-

over new material properties can be developed. Despite the clear bene�t and

therefore, increasing research, production and utilisation of nanomaterials, little

is known about how nanocomposites will perform over their whole life cycle, es-

pecially in the usage and end of life phase. Under the in�uence of environmental

factors such as ultraviolet light, moisture, temperature and mechanical actions,

nano-sized particles can be potentially released from nanocomposites and thus

may have negative e�ects on the human health and the environment.

Within the scope of this work an extensive literature review has been conducted

in which polymer nanocomposites are brie�y introduced and release scenarios of

engineered nano-sized particles from nanocomposites during their life cycle are dis-

cussed. In the experimental part of this work silica based polypropylene, polyamide

and polyurethane composites were manufactured and particle exposure mechanism

during mechanical processing and testing were monitored and analysed. A series of

comprehensive physical characterisation techniques were utilised to assess particle

size distribution, shape, and concentration in di�erent mediums, once emitted by

the solid composite materials.

It was observed that during drilling of PA6 composites, the airborne particle emis-
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sion rates were 10 times higher than those for the PP based composites. However,

the characterisation of deposited particles showed exactly the opposite behaviour,

were the total number of particles emitted by the PP based composites was 10-100

times higher than those of the PA6 based composites. To the best of our knowl-

edge, this is the �rst time such work has been reported in the literature.

Further, the addition of secondary �ller into a polymer/glass-�bre composites

changed the micro-mechanism during crash testing and therefore controlled the

energy absorption characteristics of the composites. However, it was shown that

once subjected to higher impact energies the geometric particle size of the released

particles increased from approx. 25 nm for the 530 J to approx. 60 nm for the

1560 J impact. Additionally, the tensile modulus increased by 0.31 GPa and the

speci�c energy absorbed during impact test increased from 20.7 kJ to 22.6 kJ by

using nano-SiO2 alternative to micro-SiO2 particles in PP/glass-�bre matrix. Even

though a respective enhancement in mechanical properties were observed by using

nano�llers over micro�llers, no signi�cant di�erence in particle emission during

impact test were measured.

Further, it could be shown that during drilling and testing, nano-sized particles

were released from all materials studied, regardless of whether they had nanopar-

ticles integrated or not. In one particular case, the neat polymer matrix gener-

ated more nano-sized particles during drilling than the exfoliated PA6/nanoclay

nanocomposite. Hence, the addition of nanoclay can have bene�cial impact in

terms of controlled particle release. However, in general the addition of nano�llers

increased the particle emission rates during drilling and impact testing of the

nanocomposites. Further, the emitted nano-sized particles were not all free engi-

neered pristine nanoparticles but also hybrid particles consisting of matrix/nano�ller

material. A signi�cant set of data was obtained during this study and hence the

outcomes sets an excellent foundation for risk assessment and life cycle analysis of

silica based polypropylene, polyamide and polyurethane nanocomposites.
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Nomenclature

Latin symbols

C Concentration

d001 Crystallographic direction [001]

E Elasticity modulus

e Euler's number

H Hight

Hc Enthalpy of crystallisation

Hf Heat of fusion

k Removal rate

kB Boltzmann constant

P Emission rate
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R Radius

r2 Coe�cient of determination

rh Hydrodynamic radius

t Time

Tm Melting temperature

V Volume

¯(x, y)2 Mean-squared speed

Greek symbols

α Aspect ratio

η Viscosity

θ Di�raction angle

λ Wave length

µ Micro

π Mathematical constant
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χ Percentage of crystallinity

Acronyms

AFM Atomic force microscopy

APS Aerodynamic particle sizer

BAS Button aerosol sampler

CNT Carbon nanotube

CPC Condensation particle counter

DAQ Data acquisition system

DLS Dynamic light scattering

DMA Di�erential mobility Analyser

DSC Di�erential scanning calorimetry

EDX Energy-dispersive X-ray spectroscopy

ELPI Electrical low pressure impactor

ENP Engineered nanoparticles
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ESP Electrostatic precipitator

FMPS Fast scanning mobility particle sizer

FGC Foam-glass crystal material

FTIR Fourier transformation infrared spectroscopy

GF Glass �bres

ln Natural logarithm

LPI Low pressure impactor

MMT Montmorillonite

MWCNT Multi-wall carbon nanotube

NAS Nanometer aerosol sampler

NC Nanocomposite

NP Nanoparticles

NTA Nanoscale particle tracking analysis

OMMT Organically modi�ed montmorillonite
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PA Polyamide

POM Polyoxymethylene

PP Polypropylene

PU Polyurethane

PV C Polyvinyl chloride

SAXD Small angle X-ray di�raction

SEM Scanning electron microscopy

SMPS Scanning mobility particle sizer

SPI Silicon chip substrate

SWCNT Single wall carbon nanotube

TG Thermogravimetry

TEOM Tapered element oscillating microbalance

tan Tangents

USD United States of America
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USD United States dollar

UV Ultraviolet

WAXD Wide angle X-ray di�raction

wt. Weight

XRD X-ray di�raction

Chemical symbols and compounds

Al2O3 Aluminium oxide

Am Americium

COOH Carboxylic acid

Fe2O3 Iron(III) oxide

Kr Krypton

N Nitrogen

NaCl Sodium chloride

NO Nitric oxide
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O Oxygen

OH Hydroxide

SiO2 Silicon dioxide

TiO2 Titanium dioxide

ZnO Zinc oxide

Units

A Ampere

Ȧ Angstrom

◦C degree Celsius

cm Centimetre

kH Kilohertz

K Kelvin

kg Kilogram

J Joules
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l Litre

m Meter

min Minute

mg Milligram

ml Millilitre

nm Nanometer

Pa Pascal

s Second

V Volt

% Percentage
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Chapter 1

Introduction

1.1 General Introduction

The most established engineering thermoplastic polymer, especially in the auto-

motive industry, are polyamide (PAs) and polypropylene (PP) due to their good

mechanical performances, processing properties and low cost [1]. On the other

hand, their application as structural materials is limited due to their relatively

low impact resistance [1]. Another group of important polymers are polyurethane

(PUs) foams, especially as core material in sandwich constructions [2�4]. However,

sandwich composites su�er sensitivity to impact loading damage, and thus are

limited in their function [2�4].

To oppose these disadvantages, nanocomposites have been introduced because of

their potential to exhibit impressive enhancements of material properties compared

to traditionally �lled polymers composites [5]. Polymer nanocomposites make use

of properties unique to the nanoscale form of materials [6]. It follows that mechan-

ical [2�4;7], thermal [8;9], barrier [10;11], and �re retardant [12;13] properties are often

di�erent from the properties of the same materials in bulk scale. Hence, a wide

range of composites materials have been developed, especially to produce light

weight structures with enhanced mechanical properties e.g. thermoplastic such as
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polyamides reinforced with aluminate silicate clays, to achieve high strength-to-

weight ratio and high impact resistance parts.

Typical use of nanocomposites for transport vehicles can be seen in Figure 1.1. In

the automotive sector silicate clays are widely used, mainly due to their low cost

and availability. The global consumption of nanocomposites is estimated to exceed

214,081 metric tons and 1.38 billion USD, by 2014 [14]. Of which the consumption of

clay-based polymer nanocomposites will increase to 181,094 metric tons and 692.3

million USD by 2014 [14]. For example, one of the leading automotive manufactur-

ers is using 300000 kg of silicate clays composites annually for various automotive

exterior part/panel applications at present [14;15]. Further, a recent market report

released by Frost and Sullivan, reported that carbon nanotubes (CNTs) will pene-

trate about 3.6% within automotive composites [16]. However, CNTs are still very

expensive to manufacture, and hence their integration in large scales for structural

components is commercially limited.

Figure 1.1: Application of nanocomposites in the automotive industry

Whilst, silicate clays are widely used in the automotive industry, they remain

naturally occurring materials, which limits the shape, composition and size in

which they are available. This hinders the possibility of tailoring nanomaterials
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according to product needs. Clay �llers with di�erent aspect ratios but same

composition are not commercially available [17]. Nanoparticle produced through

sol-gel chemistry can o�ers the possibility to synthesis particles with a variety of

forms and sizes. Moreover, this process allows the surface functionalisation of the

particles and hence result in superhydrophobic or hydrophilic behaviour. One of

the most synthesised forms of particles possess quasi-spherical shapes, which can

be produced in a variety of sizes by changing the reactant ratios. Epoxy/nano-SiO2

nanocomposite [18;19], polypropylene/nano-SiO2 nanocomposites
[20], polyurethane/nano-

SiO2 composites [21], thermoplastic ole�n blend (TPO)/nano-SiO2 composites [22],

and polyamide6/nano-SiO2 composites
[17] have exhibit improved properties when

compared to the neat polymer and conventional micro-composite counterparts.

For example, Zheng et al. [18] studied the morphological and mechanical properties

of spherical SiO2 nanoparticles in a epoxy polymer matrix. A major improvement

of mechanical properties was reported, with an increase in tensile strength, tensile

modulus and impact strength, up to 114%, 12.6% and 56%, respectively, in com-

parison with the pure resin.

1.2 Motivation

While polymer nanocomposites have proven to be successful for vehicle applica-

tions, their behaviour during their life cycle is still not fully understood [23;24]. It

is clear that once nanocomposites are used for applications, they will undergo me-

chanical stress situations as well as ageing. Further, it is obvious that at some

point these nanocomposites need to be disposed or recycled. However, at present

little is known about how nanocomposite will perform over their whole life cycle,

especially in the usage and end of life phase. Under the in�uence of normal and

elevated environmental factors such as ultraviolet light, moisture, temperature and
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mechanical actions, nanoparticles can be potentially released from nanocompos-

ites and thus may have negative e�ects on the human health and the environment.

Driven by the fact that some engineered nanoparticles (ENP) in pristine form,

have shown negative e�ects on the human health and the environment [23], the

interest to determinate the alteration and transformation processes of nanocom-

posites during their life cycle has recently grown. Therefore, exploring sources

and pathways of release helps to identify relevant situations where humans or the

environment may encounter released nanoparticles. Further, this information is

extremely important for the exposure and risk assessment of nanocomposites.

Within the scope of this thesis PP, PA6 and PU nanocomposites will be synthe-

sised and investigated. To simulate continuous and spontaneous particle release

from nanocomposite, specimen will be subjected to mechanical drilling and low

velocity impact. The released particles will be measured methodical and charac-

terised accordingly. With the results obtained, the e�ect of di�erent parameters

such as �ller size, �ller material and matrix material will be evaluated.

Di�erent research groups have designed new methods to measure nano�llers re-

leased from nanocomposite [25�29] materials or coatings [30�34] under a variety of in-

�uences. The main aim of these studies was to investigate if the nanoparticles re-

leased from a nanocomposite or nanocoating are of the same nature as the pristine

nano�llers. These studies however missed a crucial point. The quantity and prop-

erties of particle released from a nanocomposite or coating is not only in�uenced

by the pristine �llers, but by more complex interaction between particle/matrix

and furthermore the arising properties of the nanocomposite. To understand the

full release mechanism and hence the alteration and transformation processes of

nanocomposites it is crucial to look at all e�ects that might in�uence the quantity

and the properties of the particles released. This thesis therefore focuses on iden-

tifying the potential e�ects such as matrix material or �ller properties that might

in�uence the particles released as shown in Figure 1.2.
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Figure 1.2: Current state of the art and gap in knowledge

Here it should be noted that according to the recommendations of the Euro-

pean Commission [35] a nanomaterial is a material whose particle size distribution

includes over 1% of nanoparticles (1-100nm) in an unbound state, either as an

aggregate or as an agglomerate, as demonstrated in Figure 1.3. In the context of

this thesis any particles released from solid material, with an geometric mean size

less than 1000 nm, will be classed as a nano-sized particle.
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Figure 1.3: De�nition of nanomaterials according to the recommendation of the European Commis-
sion

Source: O�cial Journal of the European Union, 2011/696/EU, OJ L
275/38:38-40, 2011.

1.3 Aims and Objectives

This thesis aims to identify the e�ect of �ller size, �ller and matrix material on the

nano-sized particle released during mechanical drilling and low velocity impact of

the solid composite material. The following key objectives are set to reach this

aim:

• Fabrication of nanocomposites of polymers (PP, PA6 and PU) in combination

with nano and micro �llers (silicate clays, nanosilica, microsilica, foam-glass

crystal material and conventional glass �bres)

• Identify morphology, mechanical and thermal properties of the manufactured

nanocomposites

• Design new methods to measure nano-sized particle release and establishing
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a sampling protocol for systematic characterisation of the emitted nano-sized

particles

• Utilise the developed methods to simulate release scenarios during which

nano-sized particles are measured and sampled

• Carry out an extensive nano-sized particles characterisation to study particle

size distribution, particle shape and morphology

• Identify in�uence such as matrix material, �ller type, and �ller size, on the

particle emission

1.4 Thesis approach

In order to meet the above objectives, the following thesis approach will be chosen

(Figure 1.4). First a literature review will be conducted on which basis an ade-

quate sampling protocol will be developed and selection of appropriate nano�ller

and polymer matrices. Once the nanocomposites are manufactured, some speci-

mens will be used to determine morphological as well as mechanical and/or ther-

mal properties, while the other specimens will undergo mechanical degradation

processes, i.e. drilling and low velocity impact tests. Two types of particles will be

measured, sampled and characterised, (i) airborne particles and (ii) deposited par-

ticles. Once all data is collected, particle emission rate will be calculated and the

in�uence of matrix material, �ller type, and �ller size, on the particle emission will

be identi�ed. It has to be noted that the sampling protocol will be updated contin-

uously in case the chosen measurement, sampling and characterisation techniques

are not su�cient or are inadequate for the nano-sized particles investigated.
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Figure 1.4: Work �ow chart for thesis approach

1.5 Thesis Structure

Chapter 1 is structured to gives the reader relevant background information in ob-

jectives, approaches, motivation and the thesis structure. Typical materials (silica

based polymer nanocomposites) relevant to the study are presented to emphasise

the importance of the current work for the automotive sector.

Chapter 2 is a comprehensive literature review undertaken to present the current

state of the art and current gap in knowledge. Polymer nanocomposites are brie�y

introduced, followed by an insight the impact behaviour of nanocomposites. Fur-

ther, release scenarios of engineered nano-sized particles from nanocomposites are

introduced and discussed. This chapter ends with a brief consideration of the
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current possibilities and methods for the measurement of airborne nano-sized par-

ticles.

In Chapter 3, the experimental investigation is carried out to assess the nano-sized

particles emitted during drilling of synthesised and manufactured silica based PA6

and PP nanocomposites specimen. This chapter focuses on the thermal behaviour

of the nanocomposites and its correlation in terms of particle emission. Chapter

4 studies the nano-sized particles emitted during low velocity impacts of syn-

thesised and manufactured silica based PP- and PA6-glass �bre-nanocomposites

cones. This chapter emphasises on the mechanical and failure behaviour of the

nanocomposites, in relation to their particle emission. In Chapter 5, sandwich

panels are fabricated with PU/silicate clays foams cores and glass �bre reinforced

PP and PA6 face sheets. These sandwiches are subjected to low energy impact

tests under localised point and surface loads, in an instrumented impact test setup.

Additionally, quasi static compressive behaviour of the sandwiches panels are stud-

ied, as well as the particle released from 5wt.% loaded PU foam cores under surface

load.

An overall discussion of the results obtained in the previous chapters, is given in

Chapter 6. It focuses on the in�uence of matrix material, �ller type, and �ller size,

on the particle emission during drilling and low velocity impact of silica based PP,

PA6 and PU nanocomposites. The work summary and scope for further work are

outlined in Chapter 7, followed by a personal pro�le and appendices.
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Chapter 2

Literature Review

2.1 Introduction

A comprehensive literature review on the impact behaviour of nanocomposite is

conducted, aiming to familiarise the reader with the current state of the art. Fur-

ther, di�erent studies are identi�ed and evaluated in which nanocomposites are

subjected to mechanical stress situations or material ageing, to assess their life cy-

cle behaviour. The emphasis is given on the new methods that have been designed

to measure nanoparticles release from nanocomposites or coatings under di�erent

solicitations e.g. mechanical, thermal and ultraviolet. Finally, a brief discus-

sion on the current possibilities and equipment for measuring airborne nano-sized

particles is given, as it is a critical issue to assess particle release and exposure,

especially for production and scale-up of nanocomposites. Hence, this review o�ers

a extended discussion on technology, characterisation and behaviour for nanocom-

posites throughout their life cycle.
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2.2 Polymer nanocomposites

Composites are multiphase material systems, which are compose of one or more

�llers and a matrix material [36]. In nanocomposite the �ller material is de�ned by

having at least one dimension in the nano range (less than 100 nanometers) [37;38].

To enhance speci�c polymer properties, nano�llers are used. Nano�llers can be

distinguished by their shape e.g. nano-�bres, nano-tubes, nano-particles or nano-

plates, and claim large surface-to-volume ratios. Figure 2.1 represents the surface

area to volume of di�erent nanoparticles with respect to their aspect ratio, α, and

their largest dimension (R = radius, H = height, length). Fully exfoliated and

dispersed nanoplates or nanorods generate internal interfacial area comparable to

that of macromolecular structures and will a�ect the surface area-to-volume ratio

by three orders of magnitude [39].

The hierarchical microstructures of polymer nanocomposites is directly related

to the nanocomposites properties [5;40]. Beside the interfacial bonding, the arising

properties are in�uenced by several parameters such as properties of the matrix,

properties and distribution of the �ller, and by the synthetic or processing meth-

ods [5].

2.2.1 Nanocomposites �lled with nanoplates

Nanoplates are classi�ed by having only one dimension in the nanometer range.

The most widely utilized types of nanoplates are silicate clay minerals (montmo-

rillonite) and graphite, which both exist in the form of layered materials. The

main advantage of layered nano-materials is their potentially large aspect ratio

and unique intercalation/exfoliation characteristics. Clay-polymer nanocompos-

ites can be divided into four main categories, as shown in Figure 2.2.In a conven-

tional miscible material state the enhancement of the composite properties are of

little meaning. The distance between clay plates are minimal and there is no inter-
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Figure 2.1: Logarithmic isolines of interfacial (surface) area / volume of particles (µm1 = m2/ml)
with respect to the aspect ratio, α = H/R, and largest dimension of particle (R = radius, H = height,
length) based on approximating particles as cylinders (area/volume = 1/H + 1/R).

Source: R. A. Vaia and H. D. Wagner. Framework for nanocomposites.
Materials Today, 7(11):32-37, 2004.

calation of the polymer matrix into the gallery. In case of intercalated state, the

polymer matrix exists between the clay layers, leading to an enhancement of the

polymer's properties. If the nanoplates are fully separated and dispersed within

the matrix, then the clay is in an exfoliated state. Exfoliated composites exhibit

better properties in relation to the intercalated ones, due to the higher homo-

geneity of the phase. Achievement of the full exfoliation is a challenging technical

problem, because of the large longitudinal dimensions of the nanoplates and their

strong tendency to agglomerate. The most common state of nanoplates composites

is a mixed state of intercalation and exfoliation. In this case the exfoliated and

intercalated layers are distributed randomly within the matrix and a signi�cant
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increase in modulus and strength can be observed when comparing with the raw

matrix.

Figure 2.2: Morphology of nano-clay composites: (a) conventional miscible, (b) partially intercalated
and exfoliated, (c) fully intercalated and dispersed and (d) fully exfoliated and dispersed

Source: J.-J. Luo and I. M. Daniel. Characterization and modeling of
mechanical behavior of polymer/clay nanocomposites. Composites Science and

Technology, 63(11):1607-1616, 2003.

To increase the interlayer distance of the nanoplates and hence facilitate the

intercalation of the polymer into the layer galleries, the clays are modi�cation

with organic surfactants. The �rst ever polymer/organic modi�ed montmorillonite

(OMMT) nanocomposites were synthesised using in-situ polymerisation [41]. Figure

2.3 shows the schematic principle of preparing polymer/OMMT composites by this

technique [42]. The �rst step consist of swelling the organic-modi�ed layered silicate

within a liquid monomer or a monomer solution so that the monomer can penetrate

into the interlayers [41]. In the second step a polymerisation reaction is initiated

between the intercalated sheets by heat, radiation, di�usion of a proper initiator

or by a catalyst �xed through cationic exchange inside the interlayer before the
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swelling, resulting into a nanocomposite [43].

Figure 2.3: Schematic diagram showing the in situ polymerisation process

Interestingly, PA6/OMMT composites prepared by melt blending show simi-

lar properties to those prepared by the in-situ polymerisation method [44]. Luo et

al. [45] prepared PA6/organoclay nanocomposites using direct melt compounding

with a conventional twin screw extruder. The resulting morphological and mechan-

ical properties were then compared to PA6/organoclay nanocomposites prepared

through in- situ polymerisation process. The authors reported that the organoclay

was well exfoliated into the PA6 matrix when compounded with the twin screw

extruder. However, the use of a single screw extruder was far less e�ective, in

terms of OMMT exfoliation. The method of in-situ polymerisation has been used

for the manufactured of polyamide nanocomposite in various studies [46�49].

Direct intercalation or exfoliation in silicate galleries of OMMT is very di�cult,

in hydrophobic polymers as they do not have any polar groups in its chain [50].

In general, this results in a signi�cant adhesion problems between the hydrophilic

�ller and the matrix, creating poor bonds between matrix and �ller [50]. However,

only little di�culties should be encountered with polar polymers if the montmo-

rillonite surface is modi�ed with certain organic surfactants e.g. the alkylammo-

nium cation [51]. The modi�cation of the clay with organic surfactants expanse the

interlayer distance. However, when dealing with nonpolar polymers, employing

O-MMT will facilitate nanocomposites development only to a limited extent [52].

This means that for achieving an exfoliated (or at least intercalated) nanocompos-

ites the addition of extra compatibilisers is required [53]. This was �rst reported by
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Usuki et al. [54] in 1997, while using a new approach to prepare PP nanocomposites

using a functional oligomer (PP�OH) with polar telechelic OH groups as compati-

biliser. With this technique the interaction between �ller and polymer is enhanced

by strong hydrogen bonding between OH or COOH groups and the oxygen groups

of the silicate [55].

Today, studies [56�60] have shown that the possibility to prepare exfoliation and

dispersed PP/OMMT nanocomposites, depends not only on the organic modi�er

of the OMMT, but further on the initial interlayer spacing, the concentration of

functional groups in the compatibiliser and its overall concentration in the com-

posite, the viscosity (or molecular weight) of polypropylene, and the processing

conditions.

Recently, Boumbimba et al. [61] prepared PP/OMMT nanocomposites by melt com-

pounding. In this process high temperature and high shear forces are used to

disperse nano�llers in the polymer matrix [62]. This process is the most promis-

ing for the production of nanocomposites at an industrial scale, due to the ease

of processing high quantity of granulates with twin screw extruder. In general

extrusion melt compounding allows nanocomposites to be formulated using or-

dinary compounding devices: extruders or special mixers, without the necessity

of using advanced polymer technology [44]. Further, this method is very common

for processing polymers that are not suitable for adsorption or in-situ polymeri-

sation [43]. To obtain the best particle distribution it is crucial to understand the

major process variables, such as balance of dispersive and distributive mixing and

further, in turn, length of the di�erent zones, design of blocks, design of screw,

speci�cally length and position of mixing zone, screw length, melt temperature,

residence time of melt, and shear [57;61]. A clear distinction between dispersive

and distributive mixing mechanisms, as well as the identi�cation of the impor-

tant process characteristics enhancing the realisation of these mechanisms, are

essential for a fundamental understanding of the mixing process and its optimisa-
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tion possibility [42]. Dispersive mixing involves the reduction of the cohesive minor

components, such as clusters of solid nanoparticles, while distributive mixing in-

volves spreading the minor component throughout the matrix in order to obtain

a good distribution [63]. These two mechanisms may occur simultaneously or step-

wise [42]. Dispersive mixing conditions are determined by the the balance between

the cohesive force holding nanoparticle agglomerates together and the disruptive

hydrodynamic forces [63]. Additionally, the amount of stresses applied plays a de-

cisive role in determining the particle size distribution [64].

For the PP/OMMT nanocomposites prepared through melt compounding by Boumbimba

et al. [61] the result showed that the yield stress was signi�cantly a�ected by the

extent of exfoliation. The experimental results further indicated that the yield

stress was sensitive to the strain rate, temperature, and organoclay concentration.

2.2.2 Nanocomposites �lled with nanoparticles

To enhance the physical and mechanical properties of thermoplastic resinsl, sil-

ica (SiO2) nanoparticles can be introduced. Several studies reported signi�cant

improvements in properties such as: tensile strength, strain to failure, Young's

modulus and impact strength; after introducing nanoparticles into the virgin ma-

terial [48;65;66]. Jun Ma et al. [65] showed that the addition of 20wt% silica nano-

particles lead to an increase in: Young's modulus by 40%, toughness from 0.73

to 1.68 MPa/m2 and a slight increase in the tensile strength. The manufacturing

process of the nanocomposite has a signi�cant e�ect on the achievable property en-

hancements. It dominates the dispersion of particles within the matrix material.

The existence of agglomeration regions, which can act as stress concentrators,

may lead to an signi�cant drop in composite performances [67]. Zheng et al. [18]

compared the mechanical properties of nanocomposites with di�erent quality of

dispersion. The authors reported that the material with uniformly distributed

particles exhibits signi�cant property improvements, while poorly distributed ma-
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terial indicates only slight increase in the mechanical properties. Three di�erent

approaches have been studied by the authors in order to determine the most suit-

able manufacturing technique. The �rst technique involved utilising an ultrasonic

energy to mix the unpretrended SiO2 particles in the. In the second attempt

particles were pre-treated using a coupling agent and afterwards treated exposed

to the ultrasonic waves. In the last approach the pre-treated particles were also

dispersed using the ultrasonic waves but with assistance of high-speed homoge-

nizer with a rotational velocity of 24,000 rpm. After studying the morphology,

using transmission electron microscope (TEM), it was found that particles disper-

sion obtained using the second and the third approach resulted in a good particle

dispersion. Dispersion achieved using the �rst approach was relatively poor with

visible particles agglomerations. By using the second and the third method, an

increase in mechanical properties up to 30% and 110% could be measured respec-

tively. In a di�erent study, Vladimirov et al. [20] studied polypropylene/nanosilica

nanocomposites. These nanocomposites were prepared via melt mixing using a

twin-screw extruder. A compatibiliser (maleic anhydride grafted polypropylene

(PP-g-MA)) was used to improve the degree of dispersion in the matrix. The

results showed that with increasing silica content the formation of silica agglomer-

ates in the matrix increased. However, due to the utilisation of the compatibiliser

the agglomeration degree of the nanoparticles could be controlled and a signi�cant

property enhancement could be demonstrated.

2.2.3 Impact behaviour of nanocomposites

The major reason for adding �llers into virgin polymers is to enhance the com-

posites strength and sti�ness properties. The most important parameter which

a�ects these properties is the load transfer between the composite phases, realised

via shear stress induced in the interface region. In the case high-modulus �ller

are added into low-modulus matrix, the stress in the composite is transferred into
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the sti�er phase, causing more load being carried by the �ller phase. Hence, the

e�ciency of the stress transfer across the composite phases depends on the quality

of the interfacial region, which includes interfacial strength and sti�ness [5]. The

major in�uences on the impact behaviour of nanocomposites is summarised in the

following.

2.2.3.1 E�ects of particle sti�ness

Viana [68] has shown that the particle sti�ness in�uences the properties of the poly-

mer matrix. While soft/elastic �llers improve the impact toughness, at the same

time those �ller reduce the modulus of elasticity of the polymer blend. However,

increasing the amount of hard/rigid �llers improves both the impact toughness

and the modulus of elasticity. For instance, the addition of OMMT (less then

5 wt. %) into a Polyurethane foam matrix, signi�cantly improved the failure

strength and energy absorption of the foam, with over a 50% increase in the im-

pact load carrying capacity when compared to the unenforced matrix [69]. Another

example is the addition of rigid CacCO3 (diameter=600 nm, 0.2 vol.%) in high

density polyethylene (HDPE), which improved the impact strength by more then

200 % [70]. Such exorbitant improvements are not typically observed for composites

reinforced with conventional micro particles. Subramaniyan et al. [71] reported that

core shell rubber (CSR) nano particles having a soft rubber core and a glassy shell

improved the fracture toughness of an epoxy vinyl ester resin signi�cantly more

than OMMT clay , having the same weight fraction. However, hybrid blends of

CSR and OMMT were found to yield the best balance of toughness, modulus and

strength. The same investigators highlighted that when the OMMT were used

to enhance the polymer matrix in a conventional glass �ber reinforced composite,

the interlaminar fracture toughness of the composite was less than that of the

unenforced composite. As a possible reason for this result the arrangement of the

OMMT along the �bre axis was suggested. Two factors dominate the capacity
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if rigid particles for energy dissipation at high loading rates [72]. The ability of

the dispersed particles to detach from the matrix and to initiate the matrix local

shear yielding in the vicinity of the voids and the size of the voids. Therefore,

the optimal minimal rigid particle size for polymer toughening should assure two

main requirements: (i) be smaller than the critical size for polymer fracture and

(ii) have a debonding stress which is small compared to the polymer matrix yield

stress.

2.2.3.2 E�ects of particle geometry

Typical �llers for the reinforcement of polymer matrices are particles e.g. Silica

or aluminum oxide particles, tubes e.g. nano�bres or nanotubes and plates e.g

nanoplatelets. Signi�cant enhancement of impact strength of polymeric nanocom-

posites was achieved by adding amino-functionalised MWCNTs or small amounts

of SWCNTs [73]. Furthermore, the impact toughness of PMMA (polymethyl- methacry-

late) has been improved considerably by the addition of CNTs and the toughness

and modulus of MWCNTs reinforced PP exhibited a maximum at 1 wt.% CNTs [73].

Additionally, the impact toughness and sti�ness of CNT�reinforced polymer ma-

trix have been found to be functions of the Young's modulus of the nanotubes [74].

The impact toughness of polymers containing inorganic nano�llers such as MMT

(Montmorillonite) OMMT, based polymer composites was found to decrease

2.2.3.3 E�ects of particle size

To investigate di�erent toughening or energy absorption e�ectiveness for �llers

with micro- and nano scale size, d, Wacharawichanant et al. [75] measured tensile

and impact properties of POM/ZnO (71 nm) and compared them with those of

composites having micron- size ZnO (0.25 µm). It was shown that the nanocom-

posite has a higher mechanical properties e.g. tensile strength, Young's modulus

and impact strength than the microcomposite. Fu et al. [76] investigated the me-
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chanical behaviour of polypropylene (PP)/CaCO3 nanocomposites. The particle

size varied from 10 nm, 80 nm, 1.3 to 58 µm. The study has shown that the

composite strength increases with decreasing particle size due to higher total sur-

face area for a given particle loading. This indicated that the strength increases

with increasing surface area of the �lled particles through a more e�cient stress

transfer mechanism. Furthermore, the Izod toughness was also found to increase

with decreasing particle size.

2.2.3.4 E�ects of stochastic variation of particle size and strength

Due to Individual stochastic variation in the strength, di�erent Carbon nanotubes

may have direct e�ect on the fracture mechanisms as in micro-based �bre com-

posites. Xiao et al . [77] measured the relation between individual CNT and CNT

bundle strengths and a method for determining the tensile strength distribution of

individual CNTs or CNT sub bundles from experimental measurements on CNT

bundles was proposed. The Weibull shape and scale parameters of the tensile

strength distribution of CNTs were found to have wide variability of strength.

Tomar et al. [78] highlighted, that a microstructure less prone to fracture shows

higher variations in fracture response when compared to the one which o�ers least

resistance to crack propagation. Additionally, for a particular micro-structural

morphology, the levels of variations in the crack surface area generated and the

variations in the energy release rate are of the same order as the levels of variations

in constituent properties.

2.2.3.5 E�ects of type of polymer matrix and �llers

The energy absorbent of nanocomposites depends on the polymer clay a�nity.

For example, leads the reinforcement of polyacrylate (PA), polyimide (PI) and

polypropylene (PP), with silica to striking variation in impact toughness behaviour

under identical processing conditions. The maximum stress intensity factor of PA
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based enhanced signi�cantly as compared with to PI and PP based composites.

Additionally the steady state fracture toughness of PA composite is approximately

45% and 25% higher than pure polyacrylate and both PP-based and PI-based

hybrid specimens [79].

2.2.3.6 E�ects of interfacial adhesion

Hybrid organic�inorganic composites usually exhibit enhanced mechanical prop-

erties compared to those of their separate components. The dispersion of the

inorganic components into the inorganic matrices a�ects the mechanical perfor-

mance of the materials. So that homogeneous despaired �ller components are

desirable. The employment of inorganic bulk �llers that can be exfoliated into

well organized nano size �lers in the polymer matrices is one method to get well

dispersed inorganic reinforced organic matrix nanocomponent. For example, Park

et al. [80] con�rmed that silanetreated MMT could be successfully intercalated and

dispersed in the epoxy matrix. The experimental results show that silane coupling

agent (SCA) treatments cause an increase in both the speci�c component (due

to the epoxide ring and amine group) and the dispersive component (due to the

increase of the speci�c molecular volume). It was considered that the presence of

SCAs leads to an increase of the interfacial adhesion between the MMTs and epoxy

resin, which results from the improvement of the polar functional groups or of the

speci�c component of the surface free energy of the MMTs. This enhances the

mechanical interfacial strength between the MMTs and the epoxy matrix. Ham-

ming et al. [81] studied the quality of dispersion and the quality of the interfacial

interaction between TiO2 nanoparticles and host polymer on properties such as

glass transition temperature (Tg), elastic modulus and loss modulus. Tg is an

attractive target property because of its high sensitivity to chain mobility and its

use as a benchmark in other studies. The results showed that as the degree of

dispersion improved (�ner scale agglomerations) the Tg was depressed for samples
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of unmodi�ed TiO2 nanoparticles in PMMA and increased for samples of modi�ed

TiO2 nanoparticles in PMMA. These results indicate that the quality of dispersion

shifts Tg. However, the direction of shifts depends on the interfacial interaction of

the nanoparticles with the matrix. This study indicated that the bulk properties

of nanocomposites are highly sensitive to the quality of the interfacial interaction

and quality of dispersion of the nanoparticles.

2.2.3.7 Distribution status of �llers

A number of experiments have shown that fracture toughness improved with ad-

dition of clay nanoplatelets to epoxy when the clay nano-platelets were not fully

exfoliated, and intercalated clay nanoplatelets were present [82]. Xidas et al. [82]

showed that quaternary alkylammonium ion-modi�ed organoclays (C18 alkylam-

monium ion and hydrogenated tallow ammonium ions) provided highly interca-

lated structures, which led to signi�cant increase of tensile strength and strain at

break.

2.3 Identi�cation of release scenarios of nano-sized

particles from nanocomposites

Polymer nanocomposites have proven to o�er a big range of bene�ts, however

their behaviour during their whole life cycle is not well understood [23;24]. It is clear

that once nanocomposites are used for applications, they will undergo mechani-

cal stress situations as well as ageing [83]. Further it is obvious that at some point

these nanocomposites need to be disposed or recycled. However, at present little is

known about how nanocomposite will perform over their whole life cycle, especially

in the usage and end of life phase [84]. Depending on a number of factors, includ-

ing the type of matrix material and speci�c release scenario, nano-sized particles

can be released in a unbound or bound state [85]. The further exposure of these
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nano-sized particles and their in�uence on the human health and the environment

is not well understood [85]. Currently, there is a lack of information in the open

literature on nano-sized particles release from nanocomposites and consequently

their impact on the environmental and human health is unclear.

There are many ways nano-sized particles can be released from a nanocomposite

during their full life cycle [84]. Excellent review studies have focused on researching

the potential environmental and health risks of nano scale particles and nanomate-

rials [23;84;86�89]. The majority of these studies published in the �eld of nanotoxicol-

ogy and related risk assessment, are focusing on pristine engineered nanoparticles

(ENP) e.g. SiO2, SWCNT, OMMT etc. However, if nano-sized particles are gen-

erated and released into the environment, changes of physicochemical properties

are very likely e.g. geometrical changes or surface modi�cation [24;83], as shown in

Figure 2.4.

Therefore, only a minimum of information is available on the environmental

transformation, behaviour, and fate of the ENP once integrated into a composite

matrix. Changes in physicochemical properties are currently not considered in

nanotoxicological investigations, even though they are crucial for risk assessment.

It is of highest importance to understand various factors that control mechanical,

photolysis, and incineration degradation, rather than focusing only on a particular

case study. At present only one generic release scenario for carbon nanotubes

(CNT) in diverse composites matrices has been published [83]. The authors [83]

have evaluated how di�erent environmental conditions a�ect the alteration of the

nanocomposite, as well as the transformation of the CNT once released from the

composite. The conclusion of Nowack et al. [83] was that it is not possible to asses

the risks associated with the use of engineered nanomaterial by investigating only

the pristine form of the engineered nanomaterial.

Currently there is no clear de�nition of exposure/release scenario found in the

literature [83]. Therefore, for the purpose of this review a release scenario will
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Figure 2.4: Release of NP from products and (intended or unintended) applications: (a)release of
functionalized NP, (b) release of NP embedded in a matrix, (c)release of aggregates of NP and (d)
release of free NP. Environmental factors (e.g. light, microorganisms) result in formation of free NP
that can undergo aggregation reactions. Moreover, surface modi�cations (e.g. coating with natural
compounds) can a�ect the aggregation behavior of the NP.

Source: B. Nowack and T. D. Bucheli. Occurrence, behavior and eects of
nanoparticles in the environment. Environmental Pollution, 150(1):5-22, 2007.

be de�ned as the operational and/or environmental conditions of any treatment

or stress that nanocomposite are subjected to during all life-cycle phases that

results into the emission of nano-sized particles into indoor environments and/or

environmental compartments. Further, the set of parameters to describe the type,

form and magnitude of release need to be recorded. The emission of nano-sized

particles from nanocomposites might occur throughout the whole materials life

cycle, depending on the circumstances of manufacture (production and processing),

the intended use of the material in speci�c environments, and its disposition at

the end of life [84]. Following information is essential to identify and characterise

release scenario [90]:

• Description of operational conditions and sampling conditions e.g. open/closed
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systems, continuous or batch, duration and frequency, temperature and pres-

sure, material use rates or mass �ows, description of the treatment, etc.

• Description of degradation processes involved e.g. mechanical, photolysis,

and incineration processes

• Description of type and route of release e.g. continuous or intermittent,

atmospheric or aquatic routes and target compartment

• Description of particle size and distribution

• Description of particle form and shape

To date, only a few studies in the published literature have focused on the

potential releases of nanoparticles due to individual processes from nanomaterials.

However an increasing research has been conducted in the �eld of nanotoxiclogy.

As an example, Figure 2.5 shows the increase of peer reviewed papers between De-

cember 2010 and August 2011. A signi�cant increase in nanotoxicological studies

on pristine nanoparticles could be found. However, only a minor increase in the

number of peer reviewed journal papers related to nanoparticle release were noticed

according to the data collected and investigated within the NEPHH project [91].

Studies related to nano-sized particle release can roughly be classi�ed by (i)

nanomaterial used for coating and (ii) nanomaterials used for composites. Coat-

ings could be understood being a thin layer of composite material, as the ENP

are embedded in a matrix material. However, for the purpose of release studies,

composites and coating cannot be compared and have to be analysed separately.

Table 2.1 summarises studies found in the open literature presenting and discussing

di�erent release scenarios of nano-sized particle from coatings and composite ma-

terials.
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Figure 2.5: Number of peer reviewed journal papers related to nanotoxicology and nanoparticle
release in the time period of December 2010 to August 2011

2.3.1 Nano-sized particles released from surface coating

Koponen et al. [30] investigated the exposure risk of sanding dust released from

paints produced with and without engineered nanoparticles. The objectives of

this study was to generate nanoparticles from di�erent materials and sources and

to compare their size distribution spectra. For the nanoparticle characterisation

an aerosol particle sizer (APS, Model 3321, TSI Inc.) and a fast scanning mobility

sizer (FMPS, Model 3091, TSI Inc.) were used. The ASP measured the size distri-

butions of particles from 0.542 to 19.81 µm and the FMPS measures the particle

size distribution from 5.6 nm to 542 nm. The sampling of nanoparticles occurs via

electrostatic precipitation, with a commercial electrostatic precipitator (ESP) for

subsequent physicochemical and toxicological analysis. The results showed that

some coatings showed higher others lower release rates when ENPs were added to

the coating. According to the results of this study, the sander was a main source of

particles smaller than 50 nm. The results showed that the total emission number

size distributions were �ve modal, as shown in Figure 2.6. The �rst two modes
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Table 2.1: Nanoparticle release scenarios found in open literature between 2009-2012

Investigated Nanoma-
terial

Activities Used equipment Reference

Coatings

TiO2, Carbon Black Sanding APS, FMPS
[30]

ZnO Abrasion CPC, SMPS
[31]

OMMT Abrasion CPC, SMPS
[32]

Fe2O3 and ZnO Sanding FMPS
[33]

TiO2 Abrasion ELPI
[34]

Composites

Polymer/CNT Dry/wet drilling FMPS, APS
[25]

Polymer/CNT Dry/wet abrasive FMPS,CPC
[26]

POM/CNT, PA/SiO2

& cement/CNT
Sanding & weathering SMPS

[27]

Epoxy/CNT Abrasion SMPS
[28]

Polymer/CNT Burning ELPI
[92]

Epoxy/CNT Sanding CPC
[93]

PP/OMMT Shredding DustTrak and
FMPS

[29]

PA/OMMT &
PA/SiO2

Drilling SMPS+C
[94]

CPC - Condensation Particle Counter; SMPS - Scanning Mobility Particle Sizer; FMPS - Fast

scanning Mobility Particle Sizer; ELPI - Electrical Low Pressure Impactor; APS - Aerodynamic

Particle Sizer; TEOM - Tapered Element Oscillating Microbalance

had peaks below 20 nm and these were identi�ed as sander emissions. Mode 3

was found at about 200 nm, which contained particles from the sander and paints.

Mode 4 and 5 were at 1 and 2 µm and they contained mostly particles released

from the paints.
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Figure 2.6: Particle number concentration spectra measured during sanding: (a) with sanding
machine emissions and (b) corrected for sander emissions.

Source: I. K Koponen, K. A. Jensen, and T. Schneider. Sanding dust from
nanoparticle containing paints: Physical characterisation. Journal of Physics:

Conference Series, 151(1):012048, 2009.

Vorbau et al. [31] developed a new method for the quanti�cation of the nanopar-

ticle release into air from surface coatings. The method is based on a combination

of a de�ned abrasion process with highly sensitive methods to quantify airborne

particle concentration. The quanti�cation of the release rate of particles smaller

than 100nm was conduct via SMPS (Model 3934, TSI Incorporated, USA) and

CPC (Model 3022, TSI Incorporated, USA). The two instruments were employed

in the test rig; the SMPS for the determination of the number size distribution

and the CPC for measuring the particle concentration. For the abrasion test three

di�erent coatings were chosen with and without ZnO nanoparticles. The study

showed that the developed test rig can be applied to simulate and quantify the

nanoparticle release from surface coatings by a rather slow abrasion process. The

study further highlighted the need for further development especially in the �eld

of measurement techniques. The relatively long duration of the current aerosol

measurement restricted the intensity of abrasion. Higher abrasion intensity would

have meant that the coating would be worn o� before the measurement �nishes.

Golanski et al. [34] used two methods for characterising the nanoparticles released
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through abrasion of paints. Particle concentration was measured using an Elec-

trical Low Pressure Impactor (ELPI, Dekatis). Further, generated particles were

sampled on grids and studied using TEM. The results showed that abrasion was

found to produce submicrometric and micrometric airborne particles, however no

nanoparticles. Further, characterisations by SEM con�rmed that no free or ag-

glomerated nanoparticles were emitted and hence nanoparticles remained embed-

ded in the paint matrix. While TEM showed nanoparticles only embedded in the

matrix.

In general very low amounts of nano-sized particle were released and/or could be

detected in the reviewed studies investigating nanocoatings.

2.3.2 Nano-sized particles released from nanocomposites

Bello et al. [26] investigated airborne exposures to nanoscale particles and �bres

generated during dry and wet abrasive machining of advanced composite systems

(3 phase systems) containing carbon nanotubes (CNTs), micron-diameter continu-

ous �bres (carbon or alumina) and thermoset polymer matrices. Particle exposures

were measured with a suite of complementary instruments, including two real-time

particle sizers (FMPS Model 3091 and APS 3321 TSI Inc., St. Paul, MN, USA)

and a condensation particle counter (TSI CPC 3007). No signi�cant di�erence

between composites with and without CNTs could be found in terms of overall

particle release levels, peaks in the size distribution of the particles, and surface

area of released particles. Additional SEM and TEM images of collected and �l-

trated aerosol particles showed typical background particles but no individual or

bundles of CNTs.

Wohlleben et al. [27] tried to identify the potential particle exposure from ther-

moplastic and cementitious nanocomposites, through di�erent processes. Size-

selective sampling was conducted using an universal nanoparticle analyzer (UNPA).

The morphology, the size distribution and surface chemistry of the wear powders
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were analysed. For the weathering experiments, the matrices were subjected to UV

radiation according to ISO 3892�2:2006. Under this condition, the results showed

that the polymer degraded to expose free CNTs up to 10µ g cm−2 year−1, however

a necessarily release could not be proven. Further, no nano-sized particles could

be measured from the cement-CNT matrix during abrasion and ageing.

Sachse et al. [94] studied real-time characterisation of the size distribution and num-

ber concentration of nano-sized particles (5.6-512 nm) emitted from polyamide 6

nanocomposites during mechanical drilling. Further, the respective emission rates

were determined based on the particle population and the time. The measure-

ments showed that the particle emission rates ranged from 1.16E+07 (min−1) to

1.03E+09 (min−1) and that the peak diameters varied from 29.6 to 75.1 nm. The

authors [94] showed that nano-sized airborne particles were emitted from all inves-

tigated materials, even the non reinforced polymer.

Schlagenhauf et al. [28] used a rotary Taber abraser and silica/alumina abrasive

wheels to investigate the release of particles from epoxy/MWCNT composite. A

SMPS with a long DMA column (Model 3080, TSI) and a CPC (Model 3775, TSI)

were used to monitor the release of airborne nanoparticles. All samples showed

four di�erent modes of particle size distribution, with the smallest size mode of

between 300 nm and 400 nm, and the other three modes contain particle size be-

tween 0.6 µm and 2.5 µm. The results showed that the addition of MWCNTs

to the epoxy results in a shift of 70 nm to 90 nm to the smallest size mode and

increases the size of the abraded particles. However, as shown in Figure 2.7, TEM

micrographs revealed that free-standing individual CNTs and agglomerates were

emitted during abrasion.

Similar to the studies conducted on nano-coatings, low quantities of nano-

sized particles were measured. Therefore, the question about the release-ability of

nano-sized particles and the compatibility of the measurement methods needs to

be raised.
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Figure 2.7: TEM images of abraded particles. (a) Agglomerated particles from the pure epoxy
sample; (b) free-standing individual CNTs

Source: L. Schlagenhauf, B. T. T. Chu, J. Buha, F. Nueesch, and J. Wang.
Release of carbon nanotubes from an epoxy-based nanocomposite during an

abrasion process. Environmental Science Technology, 46(13):7366-7372, 2012.

2.4 Measurement of airborne nano-sized particles

Airborne particles embrace a very wide range of sizes, mainly of solid material or

droplets �oating in the atmosphere [95]. The smallest being only a few nanometres

in diameter whilst the largest range up to 100 µm in diameter [96]. Particles with

a diameter smaller than 10 µm are able to remain airborne for a long period; in

some cases those particles can stay in the air for several weeks, while those parti-

cles with a diameter larger then 10 µm are large enough to deposit quickly under

the in�uence of gravity [96].

To date it is evident that nano-sized airborne particles can be released from

bulk nano-composite materials and nano-coatings during a variety of mechanical

processes such as abrading [27;28], sanding [27;93], sawing [26], drilling [26;94;97], scratch-

ing [34] and shredding [29]. To measure the release and characterise these nano-sized

particles, di�erent sampling strategies and measurement devices can be utilised.
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Measurement and sampling devices for airborne nano-sized particles presently used

in release studies are summarised in Table 2.2. Additional, information about the

di�erent air monitoring devices can be found in Appendix A.

Table 2.2: Summary table of widely used air monitoring instruments

Instrument Measurement parame-
ter

Size range
[µm]

Response
time [s]

Sample �ow rate
(l/min)

CPC Number concentration 0.003-.025 4 0.3-3

SMPS Size distribution,
number concentration

0.0025-1 30-600 0.2-4

FMPS Size distribution,
number concentration

0.0056-
0.56

1 10

ELPI Size distribution,
number concentration

0.03 -10 < 5 10 or 30

TEOM Mass concentration 2.5-10 0.5 0.5-5

CPC - Condensation Particle Counter; SMPS - Scanning Mobility Particle

Sizer; FMPS - Fast scanning Mobility Particle Sizer; ELPI - Electrical Low
Pressure Impactor; APS - Aerodynamic Particle Sizer; TEOM - Tapered Element

Oscillating Microbalance

2.4.1 Scanning Mobility Particle Sizer (SMPS)

The SMPS measures the particle number size distribution and is composed by

a Di�erential Mobility Analyser (DMA) and a Condensation Particle Counter

(CPC) [98]. Figure 2.8 shows the schematic working principal of a DMA and CPC.

The CPC measures the particle numerical concentration in the air through laser

optical detection [99]. The requirements for using optical detection are particles

with diameter bigger than 100 nm, therefore nanoparticles must be arti�cial en-

larged [100]. The measured nanoparticles are used as alcohol or water vapour con-

densation nuclei [99], which enables the detection of nanoparticles with diameters
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of 3nm [100]. The optical detection is based on light scattering [99]. The droplet en-

ters the laser illuminated optical volume and generates scattered light by passing

the laser beam, which is collected at 90◦ scattering angle with a mirror onto a

photodiode [101]. At present the main applications for CPC are applied for mobile

aerosol studies such as; work place monitoring [102�104], roadside monitoring [105�107],

environmental and climatic studies [108], fundamental aerosol research [109�111], �lter

testing [112] and nanotechnology process monitoring [27;28;31].

(a) Schematic set up DMA (b) Schematic set up CPC

Figure 2.8: Schematic set up of a DMA and CPC

The DMA and the CPC are coupled in series and work as follows; in the �rst

step the DMA selects a particle size interval of the sampled aerosol and then the

CPC counts the particles exiting the classi�er [99]. The selection within the DMA

is performed by applying an electric �eld between two concentric electrodes [99].

The electrical charged particles move along a trajectory, which allows them to

reach the outlet. Before the particles can pass into the DMA they have to be

neutralised using radioactive sources (Kr85, Am241) to reach a state of charge

equilibrium [113]. Electric �eld scanning then allows di�erent particle size to be

selected for building up the particle size distribution [100]. With this instrument a

particle size range from a few nanometres to a micron can be measured. The SMPS
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limited to static measurement e.g. environmental studies, due to its considerable

size and weight [114�117]. In some European countries, the presence of an internal

radioactive source further restricts its use to laboratory applications [23;118].

2.4.2 Fast Mobility Particle Sizer (FMPS)

The FMPS spectrometer measures sub-micrometre aerosol particles and can be

considerate as an inside-out DMA arrangement [98]. Figure 2.9 shows the schematic

working principal of a FMPS. It draws aerosols samples into the inlet, where the

particles are positively charged using corona charger [98]. The charged particles

are then introduced to the measurement region near the centre of a high voltage

electrode column and transported down the column via high e�ciency particu-

late air [100]. A positive voltage is applied to the electrode and creates an electric

�eld and according to their electrical mobility the particles are repelled outwards.

Charged particles hit the respective electrometers and transfer their charge [100].

Particles with high electrical mobility hits an electrometer near the top, while par-

ticles with a lower electrical mobility hits an electrometer lower the stack. The

FMPS technique dramatically increases the speed of the particle-size and concen-

tration measurements, in comparison to a SMPS [113;116]. For measuring airborne

particles it is common to combine FMPS with an additional CPC, as studied in

published literature [26;30;116;117;119].

2.4.3 Electrical Low Pressure Impactor (ELPI)

ELPI is a low-pressure cascade impactor, which measures the particle number

concentration and particle number size distribution in real time [120]. The working

principal is shown in Figure 2.10. The corona charger at the instrument inlet,

neutralises the particle charge and hence makes the deposition of particles at each

collection stage (corresponding to their aerodynamic diameter) possible [98]. The
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Figure 2.9: Schematic set up of a FMPS

current detected at each collection stage is then used to determinate the particle

number concentration. The particle density is an essential parameter for the usage

of the ELPI [98]. As the particles are collected on each collection stage, chemical

analysis can be performed on the particles, which o�ers an attractive option for

the last four stages, which cut-o� diameters are in the nanometric range [23;121].

The particle density a�ects the impact location of each particle [120]. However, the

ELPI is limited to static, �xed station sampling due to its size and weight.

Figure 2.10: Schematic set up of a ELPI
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2.4.4 Tapered Element Oscillating Microbalance (TEOM)

This instrument allows the automatic measurement of aerosol mass concentra-

tion [98]. At present this is the only instrument measuring the mass of airborne

particles in a single operation. The usual procedure to collect particles is to col-

lect the aerosol on a �lter and in a second step measure the deposited mass [98]. A

schematic drawing of the TEOM is displayed in Figure 2.11.

Figure 2.11: Schematic set up of a TEOM

Aerosol mass concentration ranging from µg/m3 to g/m3 can be measured by

the TEOM, and particles can be collected on a glass tube-mounted �lter. When

airborne particles are collected the variation in oscillation frequency is observed.

This variation of frequency is directly proportional to the mass of the particle [122].

The TEOM is mainly used for environmental air quality monitoring stations, as

it makes the sampling of aerosols with aerodynamic cut-o� diameters of 10, 2.5 or

1 µm possible [122]. However, values given by these aerodynamic cut-o� diameters,

are rather di�erent to aerosol fractions collected in industrial hygiene, especially

in relation to the repairable fraction given for a four µm cut-o� diameter [98].
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2.4.5 Comparison of devices for measuring airborne nano-

sized particles

Presently, there is a number of devices and instruments to measure the properties

of airborne nano-sized particles on the market. However, those instruments are

limited to provide one parameter at a time and are mostly static because of their

dimensions and their weight. Table 2.3 shows the advantage and disadvantage of

the di�erent instruments.

Table 2.3: Comparison between di�erent measurement devices for nano-sized particles

Instrument Advantage Disadvantage

CPC
[114;115;123] + Portable CPC available

(small dimensions)
- Only number concentra-
tion measured

+ Some models compatible
for use with SMPS

- For some models external
vacuum source needed

SMPS [114�117] + Highest-resolution (up to
64 channels/decade )

- Retarded response time

FMPS
[114�117] + Use unipolar charger

(eliminate the need for a ra-
dioactive neutralizer)

- Only for monitoring parti-
cle size up to 0.56 µm

+ Real-time particle size
distribution and total con-
centration

- Particle concentration
vary by size

ELPI

[115;124] + Possibility for chemical
characterisation of size clas-
si�ed samples

- High acquisition cost

+ Real-time particle size
distribution and total con-
centration

- High sample �ow rate &
heavy (35 kg)

TEOM
[125] + Real-time mass concen-

tration averages
- Weight

+ Only instrument that
measures mass concentra-
tion

- Unstable behaviour when
operating with particle free
air
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2.4.5.1 FMPS vs. SMPS

A comparison of a FMPS (Model 3091, TSI Inc., St. Paul, MN, USA) and a

C-SMPS (Model 3785, nano-DMA, TSI Inc.) incorporating an CPC (Model 3786,

TSI Inc.) was studied by Jeong et al. [116]. The number concentration was sub-

stantially lower measured by SMPS than by FMPS (FMPS/SMPS = 1.56). The

SMPS number concentration was on average ≈15% higher than the FMPS data

(FMPS/C-SMPS = 0.87). Furthermore, a good correlation (r2 = 0.91) was found

between C-SMPS and FMPS for the total particle number concentrations in the

size range of 6 nm to 100 nm, measured at a road-side urban site. The particle

size distribution measured by the C-SMPS was di�erent from the size distribution

measured by the FMPS. An empirical correction factor was obtained by compar-

ing the FMPS data to size-segregated CPC number concentrations for atmospheric

particles. The appliance of the correction factor to the FMPS data greatly im-

proved the agreement of the C-SMPS and C-FMPS size distributions, as shown in

Figure 2.12.

Figure 2.12: Average size distributions of indoor particles (A) salt particles (B) measured by the
di�usion loss corrected SMPS (SMPS1) and FMPS (FMPS1).

Source: C.-H. Jeong and G. J. Evans. Inter-comparison of a fast mobility
particle sizer and a scanning mobility particle sizer incorporating an ultra�ne
water-based condensation particle counter. Aerosol Science and Technology,

43(4):364-373, 2009.

Jeong et al. [116] conclusion were that:
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• Total number concentrations of particles measured by the three instruments

were signi�cantly correlated

• Size distributions measured by the FMPS and C-SMPS were di�erent

• There is a need of empirical correction procedure to take into account the

discrepancy between the FMPS and SMPS

Similar results were obtained by Asbach et al. [117] while comparing four mobil-

ity particle sizers with di�erent time resolution for stationary exposure measure-

ments. Three SMPSs (TSI/3936, TSI/3936, Grimm/SMPS+C) and one FMPS

(TSI/3091) were challenged with either NaCl or diesel soot particles. The results

of this investigation showed that the sizing of all tested instrument was similar

with only the FMPS size distributions consistently shifted toward smaller particle

sizes.

2.4.5.2 SMPS vs. ELPI

Maricq et al. [124] studied the perspective of characterising the particulate mat-

ter in motor vehicle exhaust by comparing SMPS (TSI model 3934L) with an

ELPI (Dekati, Tampere, Finland) measurements. Although the ELPI and SMPS

measure di�erent physical properties, the aerodynamic diameter and mobility di-

ameter, and the steady state particle size distributions were in close agreement.

With one exception for the 37 nm impactor stage of the ELPI which overestimated

particle number by up to a factor of two relative to the SMPS. The disagreements

had little e�ect on the volume, or mass, weighted distribution. These, were gen-

erally in good agreement, although discrepancies appeared at large particle size

due to multiple charging e�ects in the SMPS and to electrometer o�sets and the

small particle loss correction for the ELPI. Figure 2.13 shows a transient number
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weighted distribution of gasoline vehicle particulate matter emissions recorded by

ELPI and SMPS.

Figure 2.13: Comparison of ELPI (A) and SMPS (B) distributions of gasoline vehicle PM emissions
versus particle diameter and time. C: Transient response of ELPI versus SMPS.

Source: M. M. Maricq, D. H. Podsiadlik, and R. E. Chase. Size distributions of
motor vehicle exhaust pm: A comparison between elpi and smps measurements.

Aerosol Science and Technology, 33(3):239-260, 2000.

2.4.6 Collection of airborne particles

For full nano-sized particle characterisation it is crucial to be capable to collect

a fraction of the particles for further investigations e.g. Scanning Electron Mi-

croscopy (SEM), Transmission Electron Microscopy (TEM) or for toxicological

studies [113]. A common method for collecting airborne particles is the utilisation of

electrostatic precipitators (ESPs) [95]. The basic operation of an ESP particle sam-

pler entails the steering of the subject aerosol through a �ow channel [95]. Within

the channel an intense electric �eld is created. As aerosol particles enter the electric

�eld and become charged by ions generated during corona discharge at the anode

needle [95]. The charged particles subsequently drift at a velocity determined by

their electrical mobility, in the strong electric �eld toward a grounding/collection

plate onto which a sampling substrate e.g. TEM grid, is mounted [126]. The e�ec-

tive particle collection surface area of the ESP is signi�cantly smaller compared to
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a �lter so that sampling artifacts, such as vapour adsorption and particle evapo-

ration, can be reduced. However, due to the usage of high-voltage electrical �elds

and corona discharges the ESP generates ozone and oxidant ions, such as O2+, O+,

N+2, N+, NO and H3O
+ [95]. These by-products have the potential to react with

both particles and vapours that enter the plasma region. Degradation of particle

bound compounds by these reactions may limit or even preclude the use of ESPs

as a sampler for aerosol particles [127].

The main challenge for sampling airborne particles for characterisation studies lies

in obtaining good and quanti�able recovery of all size fractions of particles. Table

2.4 shows the main features of the sampling instruments presently available on the

market.

Table 2.4: Sampling instruments for nano-sized particles

Instrument Model/
Manufac-
turer

Size range
[nm]

Sample
�ow rate
[l/min]

Sampling
substrate

Additional
instru-
ments

ESP 5.561/Grimm
Aerosols

0.8 -1100 0.3 to 5 SEM/TEM
Ni-grids

DMA

NAS 3089/TSI 2 -100 0.2 to 2.5 SEM/TEM
Ni-grids

DMA

LPI DLPI/Dekati 30 - 10 µm 10 or 30 Collection
plates

N/A

BAS Di�erent
Filter
sizes/SKC

<100 µm 4 Filter N/A

ESP - Electrostatic Precipitator; NAS - Nanometer Aerosol Sampler; LPI - Low Pressure

Impactor; BAS - Button Aerosol Sampler
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2.4.7 De�ciencies of devices for measuring airborne nano-

sized particles

2.4.7.1 Particle losses

Particle losses have been observed during several studies [116;121;128;129]. As smaller

particles have larger di�usion coe�cients, the larger particles, di�usion losses are

more signi�cant for particles smaller than 10 nm. Wang et al. [129] discovered that

di�usion losses can be caused by low air �ow through bends even in the same length

of sampling tubing. Jeong et al. [116] compared a FMPS with a SMPS incorporating

a CPC. The study showed an increasing particle loss due to di�erences in penetra-

tion e�ciency arising from di�usion losses during transport through the sampling

system of the SMPS. Di�usion and space charge losses could also be detected by

Tzamkiozis et al. [128] in the ELPI based investigations. Marjamaeki et al. [121] eval-

uated the performance of EPLI and criticised the high particle loss for particles

larger than 2 µm, which vary from the speci�cation given by the manufacturer.

The reason for this discrepancy was the loss of highly charged coarse particles.

The perpendicular design of the aerosol �ow and electrical �eld directions are the

reasons for higher particle losses.

2.4.7.2 Background noises

Another major problem with the measurement and sampling of aerosols is the

avoidance of background noise of natural origin and from human activities. This

background noise must be taken into consideration while measuring aerosols and if

possible eliminated, especially when measuring the numerical particle concentra-

tion. For example, Koponen et al. [30;119] used a sander to generate nanoparticles

from paints and noted that the sander was the main source of particles smaller

than 50 nm.
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2.4.7.3 Low volume �ows

As shown by Wang et al. [129] low air �ow, in the measurement devices can induce

particle losses. Additionally the low �ow volume limits the most instruments for

particle sampling, because of the long sampling times. Furthermore, the possibility

to obtain good and quanti�able recovery of all size fractions of particles is still

inaccessible. Studies addressing concentration enriched systems [130�132] have shown

a good approach to simplify particle sampling for toxicological studies. However,

the development of those systems is still at infancy and further research must arise.

2.4.7.4 Contamination of sampled particles

Sampling of particles seems a major problem, not only due to the low �ow rates,

long sampling time and the inability to recover quanti�able particles of all size

fractions. Sampling of particles via �lters has several potential sources of con-

tamination. Filtration is susceptible to both physical and chemical contamination

occurring during sampling, including evaporation of semi-volatile compounds, ad-

sorption of gases on the �lter material, and possible reactions between collected

particles and gaseous compounds, because of the large e�ective surface area of

the �lter matrix [133]. The alternative for collecting airborne particles the electro-

static precipitators (ESPs) has some contamination issues as well. The usage of

high-voltage electrical �elds and corona discharges generates ozone and oxidant

ions, such as O2+, O+, N+2, N+, NO and H3O
+ [95]. These by-products have the

potential to react with both particles and vapours that enter the plasma region.

Degradation of particle bound compounds by these reactions may limit or even

preclude the use of ESPs as a sampler for aerosol particles [127].
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2.5 Conclusion

Polymer nanocomposites, although known for many years, are still engaging com-

munities worldwide, and the scienti�c literature is being enriched at an increasing

rate. Today, nanocomposites can be prepared by melt blending of the polymer

and the �llers, in large scale. However, other preparation routes such as in-situ

intercalative polymerisation are very attractive, especially when this method is

directly combined with polymer extrusion.

In case of polymer for lightweight structures, silica based particles gain importance,

due to their good mechanical properties and high thermal stability. However, in

most cases, they �rst need to be surface- modi�ed in order to become miscible with

the chosen polymeric matrices. Additionally, factors such as type of polymer, the

preparation technique and the processing conditions are a�ecting the formation

of nanocomposites. In general, once a nanocomposite is successfully fabricated

signi�cant improvements in mechanical, chemical and physical properties are re-

ported.

While polymer nanocomposites bear signi�cant bene�ts, only little information is

available on the material behaviour once subjected to mechanical, photolysis, and

incineration processes. Hence, in recent years the investigation of release scenarios

of nano-sized particles from nanocomposites and nanocoatings, gained academic

and industrial research interest. However, release studies so far have looked at

only a very small set of possible material systems and release scenarios. The char-

acterisation of the released particles was only executed to a limited extent. The

information obtained from these studies such as knowledge about particle size,

composition, and surface characteristics is therefore extremely scarce. Further

this literature study revealed the prevailing lack of insights under which condi-

tions and in which life cycle phases nano-sized particles may be released from

nanocomposites.
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Di�erent devices were used to measure and characterise the nano-sized particle

release. The quantity and properties of released nano-sized particles depended on

factors such as; type and quantity of nanomaterials, work practices and working

environment. However, the lack of standard set ups and sampling protocols makes

the evaluation of the results reviewed in this study very challenging. Nano-sized

particles come in numerous di�erent sizes, shapes and compositions. Therefore, it

is crucial for the measurement instrument to be suitable for all nano-sized particles

and their wide concentration range. However, current instruments are limited to

provide one parameter at a time and are mostly static because of their dimensions

and their weight. Furthermore, additional instruments, e.g. �lters or electrostatic

precipitator are needed to sample the particles. Additionally, microscopy methods,

especially SEM, TEM, and AFM have strengths and weaknesses with regard to

possible media, availability, practicality, and potential for quanti�cation.

At this time, the knowledge base and instrumentation for measuring the proper-

ties of nano-sized particle released from polymer-based composites is limited, and

opportunities abound for scienti�c and technological advances in this important

area.

Form this literature review the following key �ndings can be summarised:

• During the past decade, polymer nanocomposites have emerged as a novel

and rapidly developing class of materials and attracted considerable invest-

ment in research and development worldwide. Importantly, the possibility of

tailoring properties as needed makes polymer nanocomposites very attracted.

• Currently there is a lack of information in the literature on nano-sized particle

emission from these materials. It is crucial for the assessment of the potential

environmental and health risks of nano-sized particles to understanding the

exposure mechanism. Therefore, attention must be paid to particles that are

released from nanomaterials during di�erent processes.
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• At present there are no systematic characterisation standards and sampling

protocols, and hence those need to be developed and published. Devices

for measurement and characterisation of nano-sized particle still lacks in the

capability of reproducing similar results.

• The exposure studies so far have looked at only a very small set of possible

material systems and release scenarios. The characterisation of the release

particle was only executed to a limited extent and any kind of correlation

between material properties and particle release was missed.

• A risk, related to nano-sized particles may only arise if both a hazard poten-

tial and exposure exist both and can be identi�ed. If nanomaterials can not

be tracked, it will be almost impossible to determine how benign or harmful

their presence is.
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Chapter 3

Physical characteristics of

nano-sized particles emitted during

drilling of polypropylene and

polyamide 6 nanocomposites

3.1 Introduction

Intense structural applications in various �elds, such as aerospace, automotive,

marine, infrastructure, military, etc., have driven the commercial importance of

polymer composites [36]. While traditional composites, consist of macro �llers and

polymer matrix, in recent years composites based on nano�llers have received

increasing research interests. Due to the increased �ller/matrix interface area,

nano�llers are believed to have positive in�uence on the composites properties [5].

Therefore, a large quantity of nano�llers, such as nanotubes, nano�bres, layered

nanostructures or nanoparticles, are presently available due to the establishment

of well-developed manufacturing technologies. Among various nanocomposites,

much attention has been paid to polymer/silica nanocomposites, because of the
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enhanced mechanical properties [1;3�5], high thermal stability [8;9] and high �ame

retardants [12;13]. Therefore, nanocomposites have proven huge potential for both

mechanical and thermal application [39;134].

At the same time, this new industry is only capable of succeed if it takes part

to a responsible development for humans and the environment. Due to the ab-

sence of reliable data on the toxicological impact of nano-sized particles emitted by

nanocomposites, the only way to guarantee risk free exploitation is to verify that

nanocomposites do not release their nano�llers during their life cycle. Emphasis,

in particular, needs to be given to composites intended for direct contact with

consumer, especially in usage and end of life phase.

Up to date, only little attention has been paid to the end user contact with

nanocomposites. Despite the worst case scenario of a nanocomposite being the

encounter with a do it yourself worker [84]. During mechanical processes such as

drilling, sawing, and sanding shear forces may detach free nano�llers or poly-

mer/nano�ller hybrids as nano-sized particles. As in general, the do it yourself

worker's personal protection consist of an low-cost �lter mask, which might be

inadequate for protection against particle in nanosize and hence risk of inhalation

of the particles is considerable. If not inhaled, nano-sized particle once released

from nanocomposites will deposit eventually and might cause a threat to soil and

ground water systems [96].

While profound studied have been carried out on the dust emitted from milling,

grinding, turning, boring, and drilling of di�erent metals and metal alloys [135�137],

the �eld of machining of polymers and polymer composites seem untouched at

present.

In the current work, silica based polyamide 6 and polypropylene nanocomposites

were manufactured and their thermal properties were investigated. Further, par-

ticles emitted by the nanocomposites by mechanical drilling were investigated in a

controlled environment. The particle number concentration and the size distribu-
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tion of airborne particles were measured continuously using a particle sizer. The

airborne particles emission rates were calculated and the deposited particles were

sampled and characterised.

3.2 Experiments

3.2.1 Preparation of nano�llers

Surface modi�ed montmorillonites (DELLITE R© 43B and 72T, Laviosa) were used

as a �ller for the integration into the polymeric matrices. DELLITE R© 43B and 72T

are OMMTs deriving from a naturally occurring montmorillonite especially puri-

�ed and modi�ed with a quaternary ammonium salt (dimethyl benzylhydrogenated

tallow ammonium, in the case of DELLITE R© 43B and dimethyl dihydrogenated

tallow ammonium, in the case of DELLITE R© 72T).

In addition, fumed nanosilica particles (AEROSIL R© R 974 and 200, Degussa,

Evonik Industries) were investigated as nano�llers. AEROSIL R© R 974 was a hy-

drophobic fumed silica aftertreated with DDS (dimethyldichlorosilane) based on a

hydrophilic fumed silica, while AEROSIL R© 200 was a hydrophilic fumed silica. At

present, these types of modi�ed montmorillonite (OMMT), and nanosilica (nano-

SiO2) are produced in large scale from major global producers, with intention of

nanocomposite fabrication. Hence, some nanocomposites currently on the market

might already have these types of nano�llers integrated and therefore a suitable

choice for this study.

Further, foam-glass crystal material (FGC) which was a nano-structured foam glass

material was synthesised, by the Department of Silicate Technology and Nanotech-

nology at Tomsk Polytechnic University, Russia. Figure 3.1 illustrated the process

of FGC production. After the selection and mixing of the raw materials (broken

glass), quenched cullets were synthesised by thermal treatment of the mixture at
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1400-1500◦C. After a cooling period, the cullets were ground to a �ne powder.

This powder was then mixed at 800 - 900◦C with a gas foaming agent, for the pro-

duction of the �nal foam-glass crystal material. FGC are high performance, long

lasting, durable and environmentally friendly insulation for building. As �llers in

cementitious materials or polymer they o�er huge potentials in the construction

industry and rapidly gaining importance.

Figure 3.1: The principal procedure for foam-glass-crystal materials

To understand the di�erence in release scenarios between nano and micro �lled

composites, conventional glass �bres (TGFS 202P and TGFS473H, Taiwan Glass

Fibres Corporation) were used for micro composite fabrication.

3.2.2 Preparation of polymer nanocomposites

The most common engineering thermoplastic polymers used, especially in the au-

tomotive industry, are polypropylene (PP) and polyamide (PA) because of their

good mechanical performances, processing properties and low cost. Therefore, for

the intention of this study both PP and PA6 were chosen as matrix materials.

The initial selection among di�erent types of polyamides and polypropylenes was

made on the basis of their melt �ow index value and mechanical properties. Based
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on those criteria polypropylene (Moplen HP500J, Basell Polyole�ns) with a melt

volume �ow rate of 4.3 g/10 min (230◦C/2.16 kg), tensile modulus of 1500 MPa,

tensile stress at yield of 34 MPa and Charpy notched impact strength of 4 kJ/m2

(at 23◦C) and polyamide 6 (Tarnamid T-30, Azoty Tarnow, Poland) with a melt

volume �ow rate of 25.0 g/10 min (275◦C/5.0 kg), tensile modulus of 1100 MPa,

tensile stress at yield of 28 MPa and Charpy notched impact strength of 5 kJ/m2

(at 23◦C) were chosen as appropriate polymeric matrices.

Compounding of nano�ller and matrix material was conducted in a twin-screw

extruder (ZMK/ 116/ 10, ZAMAK- Cable Machinery Plant, Poland). The ma-

trix material and 5 wt.% of the nano�ller were premixed and batched by the

main feeder to the �rst barrel zone. Extruder screw diameter was 24 mm, had

a length/diameter ratio of 32 and consisted of 6 barrel zones. A conventional

screw con�guration was used for material compounding, equipped with two high-

shearing zones in the second and �fth zone. The obtained granulate was then used

for nanocomposite panel manufacturing by compression moulding. The mould

temperature was kept at 250◦C over the compression time of 5 min. Due to the

high dimensions of the panels, cooling of the polymer melt was completed in the

mould in order to avoid warping. Correspondingly, neat PP and PA6 panels were

manufactured as reference material.

Additionally, a single-screw extruder (ZMK/ 116/ 10, ZAMAK- Cable Machinery

Plant, Poland) with length/diameter ratio of 25 and a screw diameter of 25 mm

was used to manufacture the polymer/glass �bres composites. The single-screw

extruder provided an e�ective homogenisation of classic �llers, without geometry

changes of the �ller material during mixing.

3.2.3 Characterisation

A JEOL-200CX transmission electron microscope was used to investigate the mor-

phology of nano�llers. Particles for TEM investigation were �rst suspended in ultra
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pure water and sonicating for 2 hours. A drop of this suspension was then placed

on a carbon-coated copper TEM grid (200-300 mesh) and left to dry in air.

Crystalline structure of the manufactured nanocomposites was studies with help of

powder X-ray di�raction (XRD). XRD studies were performed between 3◦ and 60◦

scattering angle, using a Philips X-Pert di�ractometer, with graphite monochro-

mator placed in the front of detector (λCu = 1.5418 Ȧ).

With help of a small angle X-ray di�raction (SAXD) morphological analyses were

performed on a powder di�ractometer Philips PW 1830 equipped with a Kratky's

camera (MBraun Austria), at a voltage of 40 kV and a plate current of 30 mA.

The exposition time varied between 600 and 900 s.

For the di�erential scanning calorimetry (DSC) measurements a Netzsch DSC

200, operating in dynamic mode (heating/cooling rate = 10 K/min), was em-

ployed. Samples of 5 mg were placed in sealed aluminium pans. Prior to use the

calorimeter was calibrated with indium and mercury standards and liquid nitro-

gen was used as cooling medium.Two heating scans were conducted, as the �rst

heating scan was necessary to remove the thermal history of the materials, which

was introduced to the material during manufacturing. In order to estimate the

percentage of crystallinity χ, the following equation was used [138�140]

χ =
∆Hf

(1 − Φp) · ∆H0
f

· 100 (3.1)

where Φp is the weight fraction of �ller in the composite, ∆Hf is the heat of fusion

of the analysed sample (J/g), and ∆ H0
f is a reference value which represents the

heat of fusion for a 100% crystalline polymer. Wunderlich [141] has created tables

of best estimate values for the heats of fusion for a wide variety of linear polymers

with values reported in joules per mole of repeat unit. However for use in thermal

analysis, these enthalpy values need to be normalised to the mass. For PP the
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heat of fusion ∆ H0
f was 207 J/g, and for PA6 it was 226.1 J/g [142].

A Netzsch thermogravimetric analyzer TG 209 was used to investigate the thermal

stability of the obtained nanocomposites. The samples were heated in an open α-

Al2O3 pan, from 30 to 650◦C at a heating rate of 10K/min under air atmosphere.

3.2.4 Measurement of airborne particles concentration and

size distribution

To characterise the physical properties of particles generated during drilling, com-

posite panels were �xed in a chamber, with dimensions 69 cm (width) x 33 cm

(depth) x 56 cm (height) as illustrated in Figure 3.2. The particle emissions

were measured using a condensation particle counter "CPC" 5.403 with classi�er

"Vienna"-DMA 5.5-U (SMPS, Grimm Aerosol, Germany). SMPS measured sub-

micrometer particles generated during drilling process over a particle size range of

5.6-1083 nm and a particle size resolution of 32 channels in total. An angle drill

(Makita BDA351Z 18V LXT Angle Drill) with a maximum speed of 1800 min−1,

adapted with a conventional drill bit of 10 mm diameter was used for drilling.

Prior to the measurements, the chamber was purged with laboratory air for 20

min. Each sampling cycle comprised a 60 min background air monitoring in the

chamber, 14 min of active drilling, and a 60 min post-drilling period. The ex-

periment was repeated 3 times for each material composition. A total of about

2000 to 3000 data sets were collected for each particular sequence. During the

measurements the accumulative particle size distribution of released nanoparticles

could be followed on the monitors, as shown by the screen shot in Figure 3.3. By

this on-line measurement the actual (green line) and the series of previous scans

(yellow line) could be reviewed, which gave good indication on the release scenario

during drilling.
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(a) Schematic set up (b) Experimental set up

Figure 3.2: Apparatus and setup for the experimental measurement of airborne particles concentra-
tion and size distribution via SMPS in a closed environment

Figure 3.3: SMPS on-line measurement of the particle size distribution (di�erence in the natural
logarithm of the particle concentration vs. mean particle size) during drilling; the green line represents
the actual measurement and the yellow line represent the previous measurements

3.2.4.1 Determination of emission rates

The emission rates of particles of di�erent sizes were determined from the number

concentration and size distribution data based on a single compartment population

balance model. Liu et al. [143] used a mass balance model to estimate emission

rates of particles based on mass concentrations. As reported by See et al. [144], the

mass balance model calculation can also be used to estimate the particle emission



57

rate based on particle population. Basic assumptions for this model were made

as followed: (i) background concentration is zero, (ii) particle concentrations are

homogeneous within the chamber, and (iii) emission rate and decay rate of the

particles remain constant throughout the entire period of generation.

The respective removal rates kx (min−1) of a particle with the size x were

evaluated using the following equation:

kx = ln(Cx/Cmax;x)

tmax−t
; for tmax ≤ t (3.2)

where Cx (cm−3) represents the number concentration of particles of a size x

at the time t (min), while Cmax;x (cm−3) represents the maximum concentration

of particles of a size x at the time tmax (min). The background concentration of

particles, averaged over the 60 min pre-drilling interval, was subtracted from the

concentration Cx (cm
−3) and Cmax;x (cm

−3) .

After calculating the removal rates kx, the emission rate of particles of size x,

Px (min
−1) in the chamber volume V=1.265xE+05 cm3, was calculated from:

Px =
V Cxkx
1 − ekx t

; for 0 ≤ t ≤ tmax (3.3)

The sequential alteration of the total number concentration of particles for a

typical sampling cycle consists of a 60 min background measurement (t ≤ tmax), a

14 min drilling period (0 ≤ t ≤ tmax), and a 120 min post-drilling period (t ≥ tmax).

3.2.5 Sampling and characterisation of deposited particles

Figure 3.4 represents the outline of the generation, sampling and characterisation

process followed for the deposited particles.

Deposited particles were collected on the sampling tray inside the drilling cham-

ber. Deposited particles (30mg) were sampled in a dry state and analysed by

suspending them in solution (20 ml). This solution was �rst �ltered using general
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Figure 3.4: Outline of generation, sampling and characterisation processes for deposited particles

porpoise �lter paper (Whatman, Standard Grades 11 µm) and in a second step,

ultra�ltrated (Vivacell 250 ultra�ltration system, Sartorius StedimBiotech GmbH,

Germany) for size fractionation. Filters with a molecular weight cuto� of 5000

were used under 3.5 bar pressure.

Particle size distribution was measured by dynamic light scattering (Zetasizer nano

zs, Malvern Instruments Ltd.). Dynamic light scattering (DLS) is widely used to

determined particle sizes from the �uctuations in scattered light intensity due to

the Brownian movement of the particles [145;146]. With a sterile syringe 1.5ml of the

solution was extracted and inserted in the appropriate vials for DLS.

Samples were also analysed via nano scale particles tracking analysis (NTA) pro-

vided by Nanosight (Model LM20, NanoSight Ltd.). This technique is a combi-

nation of laser light scattering microscopy with a charge-coupled device camera,

which enables the visualization and recording of nano scale particles in solution.

In addition the image processing software (NTA) identify and tracks individual

nano scale particles moving under Brownian motion and relates the movement to

a particle size according to the Stokes-Einstein relation. The solution was intro-

duced to the nanosight equipment using a disposable syringe.

Additionally, the particles morphology was investigated by using a FEI XL30 �eld

emission scanning electron microscope (SEM). The operating voltage was in the

range of 10-20 kV to minimise charging of the sample. Specimens were prepared

by sonicating the solution for 15min at 35kHz, then a drop of the solution was
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dropped on a silicon chip specimen substrates (SPI substrate) and left to dry.

3.3 Results and Discussion

3.3.1 Nano�llers

Surface modi�ed clays (OMMT) were necessary to make the intercalation of the

polymers into the interlayers possible. Due to the ion-exchange reactions of the

cationic surfactant with the alkylammonium cations, the surface energy of the inor-

ganic MMT was lowered and the interlayer spacing of the layered MMT increased.

The increase in interlayer distance can be seen in the WAXD di�ractogram, which

is illustrated in Figure 3.5. The di�raction peak was observed at 2θ = 6.5◦ (d001

= 1.35 nm) for the unmodi�ed MMT. The peak for the OMMT shifted to the left,

hence the di�raction peak was observed at 2θ = 5.32◦ (d001 = 1.63nm). Shifting of

the di�raction indicated an increase in interlayer spacing from 1.35nm to 1.63nm

(according to Braggs' law).

Figure 3.5: WAXD di�ractogram of unmodi�ed and OMMT

Primary particles of the nano-SiO2 were virtually spherical and free from pores.
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Aggregate bodies were formed which accumulate reversibly into agglomerates, as

shown in Figure 3.6a. Spherical particles of 7-12 nm in diameter could be detected

which were bonded in branched agglomerates. From the SEM micrographs (Fig-

ure3.6b) it can be seen that the agglomerates of nano-SiO2 had sizes up to 50 µm.

However, for polymeric compositions, fumed silica is especially recommended for

practical use because the branches of nanometric diameter are already evenly dis-

tribute materials. Thus, the complex process of dispersing may even be replaced

by a simple mixing process.

(a) TEM

(b) SEM

Figure 3.6: TEM and SEM micrographs of AEROSIL 200
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Figure 3.7a shows the WAXD di�ractograms of the fumed silica. The di�rac-

tion pattern for the hydrophilic AEROSIL 200 and hydrophobic and AEROSIL

974 are similar and did not showed any presence of crystal silicon dioxide phase.

Both glass �bres for polyamide (TGFS 473H) and polypropylene (TGFS 202P)

were amorphous since their WAXD di�ractograms presented only wide amorphous

phase without di�raction peaks from a crystalline phase, as shown in Figure 3.7b.

(a) Nano-SiO2

(b) Glass �bres
Figure 3.7: WAXD di�ractograms of nano-SiO2 and glass �bres

Foam glass crystal material displayed a complex porous morphology with macro-
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cells up to 50 µm in diameter. FGC morphology can be seen in Figure 3.8a and

its EDX spectrum is shown in Figure 3.8b. The EDX spectrum consisted of 46.54

wt.% oxygen, 19.74 wt.% carbon, 17.39 wt.% silicon, 11.55 wt.% sodium, 2.84

wt.% aluminium and traces of calcium, iron enlargement of the pore walls (Figure

3.8a B and C) showed the existence of two heterogeneous nano structure in the

material, caused by the presence of interpore partitions formed by the structural

units. Nano-scaled plates with diameter between 80-500 nm could be found (Fig-

ure 3.8a B), as well as �brous structures (Figure 3.8a C). As reported by [147], the

major di�erence between this structural units and the amorphous phase is the

increase of SiO2 content. Therefore, it can be concluded that the spatial hetero-

geneity of the glass phase is caused by the dissolution of the residual quartz of the

glass granulate during the primary treatment of the material during foaming.
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(a) SEM

(b) EDX

Figure 3.8: SEM micrographs (1) surface area (2)(3)pore walls at higher magni�cations and EDX
spectrum of FGC

3.3.2 Structure and morphology analysis of nanocomposites

3.3.2.1 PP composites

Figure 3.9 shows the nanocomposites panels manufactured in laboratory scale. As

neither additives nor stabilizers were used and the PP manufacturing was found

very sensitive to temperature changes during production, some panels indicate

signs of degradation (yellow and brown marks on the surface of the panels).

Figure 3.10 shows the WAXD di�ractogram of the manufactured PP nanocom-
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Figure 3.9: Manufactured nanocomposite based on PP matrix a) neat panel, b) OMMT c) Nano-
SiO2 d) foam-glass-crystal, and e) glass �bres

posite systems. The di�ractogram for the neat PP matrix had a peak at 2θ =

15.95◦, which is associated with the 300 plane of β-phase crystals. However, the

WAXD peak was weaker for the OMMT composites, indicating some changes in

crystal structure of the material (Figure 3.10a). The group of di�raction peaks

at 14.05◦, 16.8◦, 18.5◦ and 21.2◦ corresponds to the primary di�raction of the α-

phase crystals. Similar polymorphic behaviour was observed for the PP/nano-SiO2

nanocomposite (Figure 3.10b) and the PP/FGC (Figure3.10c) composite. How-

ever, this could not be observed for the PP/GF (Figure 3.10d) composite. It is

likely that due to the �ller size, the particles had a more intimate contact to the

matrix and therefore a stronger in�uence on the crystallisation process.
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Additionally, SAXD for a di�raction angle of 1-8◦, was employed to assess the

structure of the OMMT in the polymer (Figure 3.11). The peaks observed for

the PP/OMMT nanocomposite was moved towards lower values of 2θ indicating

a process of polymer intercalation inside the clay galleries. The regular structure

of clay layers were however maintained and intercalative structure was postulated

in the PP/OMMT nanocomposites.

Figure 3.11: SAXD comparison between PP/OMMT composite and neat OMMT

3.3.2.2 PA6 composites

Similar to the manufactured PP composite panels the PA6 panels were manufac-

tured without the utilisation of stabilisers or additives and hence for some panels

indication of matrix degeneration could be seen (Figure 3.12).

The WAXD di�ractograms of the PA6 nanocomposites are shown in Figure

3.13. Neat PA6, re�ected a strong di�raction peak with a maximum at 2θ = 21.5◦

and small peak at 2θ = 379◦. The location of the �rst peak corresponded to the γ-

phase. Such crystal morphology could origin from the processing condition, where

the polymer was subjected to high shearing and cooling rates which favoured



67

Figure 3.12: Manufactured nanocomposite based on PA6 matrix a) neat panel, b) OMMT c) nano-
SiO2 d) foam-glass-crystal, and e) glass �bres

the formation of γ-crystals. The same di�raction peaks were observed for the

nanocomposites (Figure 3.13 a-d), therefore it can be assumed that no changes in

the crystallographic structure of PA6 were induced. Positioning di�erences of the

samples in the measurement equipment caused smaller shifts of 2θ between the

measurement but do not need any further notice.
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No di�raction peaks were observed in the di�raction angle range of 3-10◦ on

WAXD di�ractogram suggesting a high degree of exfoliation of the OMMT layers

in the polymer matrix. The formation of a nanostructure was also con�rmed by

SAXD, as shown in Figure 3.14. Peaks characteristic for the pristine OMMT

disappeared completely indicating the destruction of parallel arrangement of the

OMMT layers in the matrix. Peaks occurring at about 1◦ may re�ect regular

secondary structures of the OMMT layers.

Figure 3.14: SAXD comparison between PA6/OMMT composite and neat OMMT

3.3.3 Thermal properties of manufactured nanocomposites

3.3.3.1 PP nanocomposites

The thermogravimetric analysis (TGA) pro�le of the PP nanocomposites are

shown in Figure 3.15a. In a comparison of the thermal decomposition temper-

ature of the PP/OMMT and PP/nano-SiO2 nanocomposites with that of the pure
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PP, the thermal stability of the nanocomposites is much higher than that of the

pure PP. The integration of FGC and glass �bres slightly increased the thermal

stability of the composites, when compeered to the neat matrix. As shown in Fig-

ure 3.15a, the e�ect of nano-SiO2 on the thermal stability of the nanocomposite is

more pronounced.

The derivative thermogravity cruves (DTG) are shown in Figure 3.15b. The DTG

shows the dependency of derivation weight loss on temperature of the PP compos-

ites. The DTG curves shows multi-step decomposition of the composite materials

as compared with neat PP and reduction of mass loss rate in the �rst and sec-

ond stage of degradation. The exception was PP/nano-SiO2 nanocomposite which

showed higher maximum rate of mass loss than neat PP, however clearly moved

towards higher temperatures. Overall the PP/nano-SiO2 had the highest thermal

stability of all PP composites. Increase in thermal stability, could be caused by the

physical entanglements of the PP macromolecular chains of PP/nano-SiO2 com-

posites, which restrict the thermal motion of the PP chains. Gilman [148] suggested

that the high thermal stability of �lled polymers is caused by the hindered ther-

mal motion of polymer molecular chains. It is well known that a small amount

of OMMT integrated into a polymer matrix will improve the thermal stability

of the composite. The improved thermal stability for polymer/OMMT nanocom-

posites is mainly caused by the formation of char. The formation of char hin-

ders the out-di�usion of the volatile decomposition products, as a direct result of

the decrease in permeability. This is usually observed in exfoliated nancompos-

ites [13;51;148�150]. However, the mechanism of the improvement of thermal stability

in polymer nanocomposites is not fully understood yet [8;9].

Figure 3.16 presents the DSC cooling scan thermograms of PP and the PP

composites. Neat PP showed an exothermic crystallisation peak at 110.5 ◦C while

the crystallisation temperature was moved towards higher temperatures for all

composites. The biggest shift was observed for the PP/OMMT and PP/nano-
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(a) TGA pro�le

(b) DTG pro�le

Figure 3.15: TGA and DTG thermograms of PP and PP nanocomposites

SiO2 nanocomposites, with a crystallisation temperature of 119◦C and 118.5◦C.

The clear increase of crystallisation temperature of the polymer matrix, due to

the OMMT �llers can be explained by the assumption that the silicate layers act

as e�cient nucleating agents for the crystallisation of the polymer [55]. The same

assumption can be made for the nano-SiO2, suggesting a nucleating e�ect in the

matrix, which enhances the crystallisation rate and promotes the formation of

intercrystalline links [22;151].
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Figure 3.16b shows the second DSC heating scan thermogram of the neat PP,

which evidenced that the polymer melted in two overlapping processes. The �rst

shoulder was observed at about 159.6◦C and the second at 164◦C. However, the

PP composites just melted in one step.

(a) Cooling pro�le

(b) Second heating pro�le

Figure 3.16: Cooling and heating scan during DSC analysis of PP and PP composites

The melting temperature Tm, the heat of fusion ∆Hf , the crystallisation tem-

perature Tc and enthalpy of crystallisation ∆Hc obtained from the DSC studies
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Table 3.1: DSC results for PP composites

Filler Tm ∆Hf χ Tc ∆Hc

[◦C] [J/g] % [◦C] [J/g]

No �ller 159.59 -102.51 49.5 111.95 96.17

OMMT 160.14 -101.84 49.2 113.51 90.74

Nano-SiO2 162.29 -93.01 44.9 118.92 90.90

FGC 163.98 -94.78 45.8 119.27 89.54

GF 160.65 -89.36 43.2 114.20 86.44

are summarized in Table 3.1. The DSC result showed that the �llers changed

the thermal properties of PP. While an increase of melting temperature and crys-

tallisation temperature was recorded, the degree of crystallinity decreased. It was

evident that the �llers reduced the size of PP spherulites of the nanocomposite

considerably, con�rming that the �llers act as nucleating sites for PP crystalli-

sation. The nucleating agent enhances the crystallisation rate and promotes the

formation of intercrystalline links.

3.3.3.2 PA6 nanocomposites

Figure 3.17a shows the TGA pro�les of the thermo-oxidative degradation of neat

PA6 and PA6 composites containing 5 wt.% of �llers. The pro�les of the nanocom-

posites resembled that one of neat PA6, but shifted towards higher temperature.

However, the di�erence in thermo-oxidative degradation of the nano- and micro-

composites was small, in contrast to the PP based composites discussed earlier.

Therefore, it can assumed that the e�ect of the nano�llers on the thermal stability

of the PA6 nanocomposite is less pronounced. Figure 3.17b shows the dependency

of derivation weight loss on temperature of PA6 and PA6 composites. The degra-

dation of nanocomposites ran in three main steps; the �rst step of mass loss was

measured around 380◦C, the second at around 450◦C, and the third between 500-

525◦C. However, the neat PA6 degraded in just two steps; the main step and one
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high-temperature step of mass loss.

(a) TGA pro�le

(b) DTG pro�le

Figure 3.17: TGA and DTG thermograms of PA6 and PA6 nanocomposites

Figure 3.18a presents the DSC cooling thermograms of PA6 and PA6 nanocom-

posites. Neat PA6 showed an exothermic crystallisation peak at 185◦C while

the crystallisation temperature was moved towards higher temperatures for the

PA6/FGC composite, re�ecting strong heterogeneous nucleation of polymer crys-

tallisation. Interestingly, the opposite e�ect was detected for PA6/OMMT nanocom-

posite material, as the crystallisation peak was found at 181◦C. This may re�ect

some restriction of polymer crystallisation occurring during the presence of dis-
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persed OMMT layers. It is likely that strong interfacial interactions interfere the

thermal processes. Zhang et al. [152] studied PA6/OMMT composites and reported

that the crystallisation peak was largely narrowed, which showed a strong het-

erophase nucleation e�ect of the clay.

Additionally, the crystallisation peak for the PA6/nano-SiO2 composite moved to-

wards lower temperatures. No e�ect on the crystallisation could be found for the

PA6/glass-�bre composite. The second DSC heating thermograms evidenced that

the polymer melted in two overlapping processes (Figure 3.18b). The �rst shoulder

was observed at about 215◦C and the second at 220.7◦C. The high-temperature

peak corresponds to the α-phase and the low-temperature peak corresponds to

the γ-phase of the polymer [153]. In the PA6/OMMT nanocomposite, the melt-

ing peak corresponded to the γ-phase and is strongly enhanced and therefore

increased fraction of γ-phase crystals in crystal phase of PA6 matrix is evidenced.

Similar moderate changes due to polymorphic behaviour of PA6 were observed in

PA6/FGC.

The melting temperature Tm, the heat of fusion ∆Hf , the crystallisation tem-

perature Tc and enthalpy of crystallisation ∆Hc obtained from the DSC studies

are summarized in Table 3.2. In order to estimate the percentage of crystallinity

χ, equation 3.1 was used.

Table 3.2: DSC results for PA6 composites

Filler Tm ∆Hf χ Tc ∆Hc

[◦C] [J/g] % [◦C] [J/g]

No Filler 220.13 -83.46 36.91 186 73.17

OMMT 214.83 -84.20 37.24 181 65.11

Nano-SiO2 220.11 -77.44 34.25 184 69.90

FGC 219.82 -95.25 42.13 191 67.82

GF 221.28 -74.07 32.76 186 68.03



76

(a) Cooling pro�le

(b) Second heating pro�le

Figure 3.18: Cooling and second heating scan during DSC analysis of PA6 and PA6 nanocomposites

3.3.4 Airborne Particle

3.3.4.1 Sequential alteration of number concentration and size distri-

bution

Due to the nature of the SMPS+C in each measurement cycle, di�erent particle

size are selected to build the particle size distribution. Figure 3.19, shows the
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raw data obtained from each measurement cycle. It can be seen that the number

concentration depends on the measurement time as well as the particle size.

Figure 3.19: SMPS on-line measurement of the particle size distribution (di�erence in the natural
logarithm of the particle concentration vs. mean particle size) during drilling; the green line represents
the actual measurement and the yellow line represent the previous measurements

To evaluate the total particle concentration over the time, the total particle

concentration during each measurement cycle was calculated by the SMPS+C and

this data was then used to evaluate the sequential alteration of the total number

concentration of nano-sized particles emitted.

The sequential alteration of the total number concentration of particles for a typical

sampling cycle is shown in Figure 3.20. It consists of a 60 min background mea-

surement (t ≤ tmax), the 14 min drilling period (0 ≤ t ≤ tmax), and a 120 min post-

drilling period (t ≥ tmax). Figure 3.20, shows that the total number concentration

of particles was essentially constant with an average of 1000 particles/cm−3 before

the drilling process. As soon as drilling started inside the experimental chamber,

the number concentration increased rapidly. The maximum number concentration,

Cmax, was reached at time tmax. Subsequently, the particle decay was observed

with the concentration falling back to the original background level approximately
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after a post drilling period of 2h. In signi�cant research studies [30;119;154;155] the

in�uence of the machining engines as background noises on the results has been re-

ported, as important in airborne nano-sized particle measurements. As the drilling

was conducted in a controlled environment, the in�uence of the machining engine

could be reduced to a minimum.

Figure 3.20: Sequential alteration of number concentration of a typical sampling cycle, consisting
of a 60 min background measurement (t ≤ tmax), the 14 min drilling period (0 ≤ t ≤ tmax), and a
120 min post-drilling period (t ≥ tmax, for PA6 and PP panel (drill represents the background noises
generated by the drill engine)).

The average values for Cmax, are given in Table 3.3. In general the average

concentration Cmax, was apporx. 10 times lower for the PP based composites

than for the PA6 based composites. Both neat PP and PA6 matrices generate

low Cmax, with 6.05E+02cm−3 and 67.57E+04 cm−3, in comparison to the stud-

ied nanocomposites. Surprisingly, a very low Cmax could could be measured for

the PA6/OMMT nanocomposites, however the PP/OMMT nanocomposites gen-

erated the highest number concentration. This could be caused by the di�erent

integration mechanisms of the �ller in the matrix. As reported in section 3.3.2,
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Table 3.3: Monitoring studies for nanoparticles

Material Max. airborne concentration Total airborne emission rate
[cm−3] [min−1]

PP 6.05E+02 5.68E+06

PP/OMMT 2.64E+04 6.83E+07

PP/nano-SiO2 1.52E+04 2.06E+08

PP/FGC 5.58E+03 6.24E+07

PP/GF 2.61E+04 1.86E+08

PA6 7.57E+04 1.82E+07

PA6/OMMT 7.21E+02 1.16E+07

PA6/nano-SiO2 1.74E+05 1.03E+09

PA6/FGC 1.63E+05 3.32E+08

PA6/GF 7.62E+04 8.63E+08

the OMMT had a high degree of exfoliation in the PA6 matrix, while only a in-

tercalated structure of the OMMT layers in the PP matrix could be detected.

Integration of nano-SiO2 caused a high particle concentration in both matrices,

with 1.74E+05 cm−3 for PA6 and 1.52E+04 cm−3 for PP matrix.

Di�usion, gravitational deposition, convection, impaction, and coagulation are

some of the complex processes which in�uence formation and removal of particles

in the chamber. Removal of small particles is primarily dominated by di�usion

while larger particles are mainly a�ected by gravitation. During di�usion, small

particles collide with one another and form larger particles [156]. This process is

known as coagulation and strongly depended on particle size and concentration.

While the coagulation rate of a simple monodisperse particle population can be

calculated using Equation 3.4 [157],

dN

dt
= KN2 (3.4)

where N is particle number concentration and K is the coagulation coe�cient.

Based on this equation, the coagulation rate is directly proportional to the dif-
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fusion coe�cient and particle size and therefore, decreases with particle size. An

indication of the coagulation rate can be identi�ed by the half-life of an individual

particle, which is introduced into an atmosphere embracing a de�ned concentration

of such particles [156]. However, according to Hinds [157] coagulation can be neglected

for laboratory experiments if the particle concentration is less than 1xE+12 m−3.

As the maximum concentration measured in this study did not exceed 1.7xE11

m−3, coagulation was neglected.

The particle size distributions of the generated nano-sized particles is shown in

Figure 3.21.

The plots re�ected particle size distributions at tmax, the time particle con-

centration reached it maximum and drilling was terminated. The plots presents

the normalised distribution with ∆N/∆lndp versus the particle diameter dp, where

∆N is the concentration of particles within a speci�ed size interval and ∆lndp is

the di�erence in the natural logarithm of the largest and smallest particle sizes

of that interval. From visual inspection of the graph, it could be noted that the

distinct modal diameters were obtained depending on the �ller used. For the PP

based composites the peak varied from 35.5 nm for PP/FGC composite to 82.8

nm for the PP/glass-�bre composites. The peaks for the PA6 based composites

varied from 29.6 nm for the PA6/nano-SiO2 composite to 75.1nm for neat PA6.

This shift in size distribution showed that the integration of nano�llers changes

the physical properties of the emitted particles. This results contradict with the

results obtained in some recent studies [27;30;31]. For example, Wohlleben et al. [27]

noted that while comparing PP/nano-SiO2 nanocomposites with neat PA6, that

both the di�erences in the number concentrations and in the actual size distribu-

tion of nano-sized particles emitted during normal abrasion use were insigni�cant.

However, these studies dealt with abrasion and sanding of surfaces and compos-

ites. The di�erence in mechanical processing could explain the alterations in the

obtained results.
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(a) PP based composites

(b) PA6 based composites
Figure 3.21: Normalised particle size distributions at time t(max) of PP and PA6 based composites
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3.3.4.2 Particle morphology

To support the results obtained by the SMPS+C, particles were sampled via an

electrostatic precipitator (ESP) and investigated using emission scanning electron

microscope. The scanning electron micrographs of the particles generated during

drilling of di�erent composites are represented in Figure 3.22 and Figure 3.23.

Particles generated by PP/OMMT (Figure 3.22a) showed agglomerates of small

particles. However, also larger irregular shaped particles, that seem to have a

layered structure. The OMMT was intercalated in the structure, however not

fully exfoliated, therefore it could be possible that unbound OMMT particles were

emitted during drilling of the nanocomposites. Particles released by PP/nano-

SiO2 (Figure 3.22b) and PP/FGC (Figure 3.22c) nanocomposite built spherical

rings of agglomerated particles. However, from the SEM micrograph the nature of

these particles could not be determined. Figure 3.22d shows particles sampled dur-

ing drilling of PP/glass �bre �ll composites. The particles consist of 200-500nm

long �brous shaped particles, suggesting debris from the glass �bres. Particles

generated from unreinforced PP matrix (Figure 3.22e), were found in size ranges

between 250-1000nm, which correspond with the reported results obtained by the

SMPS+C.

Micrographs of the particles generated from PA6/FGC (Figure 3.32d), PA6/SiO2

(Figure 3.32c) and the neat PA6 (Figure 3.32a) composites showed very similar

structures of coagulated particle. Smaller particles (20-50nm) coagulated to larger

particles 150nm, which were then sampled by ESP over a time frame of 2h. Ac-

cording to the literature [156], the half time of particles in the size range of 10-200nm

in the measured concentration would be between 16-83 min, therefore coagulates

of particles is natural for a sampling period of 2h. The SEM image of the gener-

ated particles obtained from drilling of the glass �bre panels (Figure 3.32e) showed

agglomeration of larger particles. Furthermore, the particles seem to be glass �-
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bres debris, as the structure is very similar to structure seen in the bulk panels.

Visual investigation of the particles obtained from drilling of the OMMT com-

posites (Figure 3.32b) were scattered over the sampling plate and no coagulation

could be found. This could be explained by the low particle concentration that

was measured for this composite. SEM micrographs of PP and PA6 composites

showed that the shapes of the particles vary depending on the �ller and matrix

material.
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3.3.4.3 Emission rates of di�erent composite materials

The particle emission rates from di�erent composites were determinate using Equa-

tion 3.3, after taking into account the removal rates of particles of di�erent sizes

from Equation 3.2. The stacked column charts of Figure 3.24 shows the number of

particles that were emitted per minute during drilling of the composite materials.

The error bars represent the standard deviation associated with the total emission

rate of particles, in the size range of 11.1-521nm, resulting from the three repli-

cate measurements. Table 3.3 represents the total emission rates for the di�erent

composite materials. Lowest emission rates could be calculated for the neat PP

matrix with 5.68E+06 min−1, followed by the PP/FGC composite with 6.24E+07

min−1 and PP/OMMT nanocomposite with 6.83E+07 min−1 . Highest emission

was calculated for the PP/nano-SiO2 composite material with 2.06E+08 min−1.

Emission rates for the PA6 composite behaved similar, however were 10 order of

magnitude higher than from PP composites, while the lowest emission rates could

be calculated for the OMMT �lled composites with 1.16E+07min−1, followed by

the neat PA6 panel with 1.82E+07min−1. Again for the nano-SiO2 �lled compos-

ite the highest emission rate could be calculated. However, while comparing the

percentage of the individual size intervals on the total emission, it could be seen

that for all materials (beside PA6/OMMT and neat PP) the majority of particles,

45-66%, were in the size range of 22.6-42.6 nm (Figure 3.24). Further the neat

PA6 emitted the largest quantity of particles larger than 100nm. The emission

rate increased by 56 times for the nano-SiO2 �ller and between 20-45 times for the

glass �bre and foam-glass crystal �llers. Interestingly, integration of OMMT into

the PA6 matrix reduced particle emission during drilling by 1.5 times, compared

to the neat PA6. It is likely that the presence of exfoliated OMMT retains the

formation of high quantities of airborne particles.
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3.3.5 Deposited particles

3.3.5.1 Particle size distribution

Deposited particles, in the following denoted as dust particles were collected from

the sampling tray inside the drilling chamber in dry state. Figure 3.25 shows the

particles sampled from drilling of the nanocomposites.

Figure 3.25: Set of dry particles sampled from drilling of nanocomposites

A de�ned mass of collected dust particles (30mg) were sampled in dry state

and analysed by suspension in solution (20 ml). Larger particles would in�uence

the results obtained by DLS and Nanosight, hence the solution was �ltrated in 2

steps. This �ltered solution was then introduced to the Nanosight and DLS using

a disposable syringe. Numeric values for geometric mean sizes, with standard

deviation, obtained via NTA and DLS are listed in Table 3.4. It has to be noted

that no reproducible results could be obtained for the PP/FGC and PA6/FGC

composites by using DLS nor nanosight.

The results obtain from the di�erent equipment showed a high rate of dis-

crepancy for some samples e.g. PA/GNF. Additionally, some high values for the
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Table 3.4: Sample denotation

Material Geom. mean size by NTA Geom. mean size by DLS

[nm] [nm]

PP 186 ± 86 110 ± 12.09

PP/OMMT 196 ± 58 144.85 ± 32.17

PP/nano-SiO2 190 ± 77 183.45 ± 15.6

PP/FGC

PP/GF 187 ± 67 172.8 ± 88.9

PA6 260 ± 82 198.2 ± 1.7

PA6/OMMT 367 ± 485 102.7 ± 11.4

PA6/nano-SiO2 154 ± 40 114.9 ± 79.4

PA6/FGC

PA6/GF 485 ± 369 116.9 ± 26.5

standard deviations were obtained e.g. PA/OMMT, especially for the NTA re-

sults. Smaller errors for the DLS results are consequences of the larger amount of

statistical data collection with this technique compared with NTA [158].The result

obtained during this study represented 3 di�erent scenarios:

1. Good comparable results between DLS and NTA

2. Geometric mean size obtained by the two equipments are not in the same

size range, even when error taken into account, however good comparability

of size distribution graphs

3. Geometric mean size obtained by the two equipments are in the same size

range while error taken into account, however no comparability of size dis-

tribution graphs.

The most comparable results were obtained for the nano-sized particles gener-

ated from nano-SiO2 reinforced samples. NTA and DLS generated similar result,
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with reasonable standard deviations. Figure 3.26a shows the size distribution ob-

tained with both equipment for the PP/SiO2 nano-sized particles.

The intensity of particles for the DLS samples is slightly higher for particles of

larger sizes compared with those of the NTA. This can be explained by the im-

mense contribution of a few larger particles to the overall scattering, when utilising

DLS [159]. However, following SEM micrographs (Figure 3.26a) revealed that the

majority of nano-sized particles generated could be found in the size range of 20-80

nm. The solution for SEM specimen preparation has been sonicated prior applying

on the substrate. This could be a cause for the contrary results between the mea-

surement equipment and the SEM micrographs, as particles agglomeration could

be broken up by sonication, as the external force overcomes the van de Waals

attractions. However, it is noteworthy that hard bonds of aggregates can not be

broken by the applied forces [160]. The results obtained by particles generated from

PA6/glass-�bre composites, showed that the geometric mean sizes obtained by the

two equipments are compatible while taking the error into account, however the

size distribution graphs do not overlap. The graphs for size distribution showed

a completely di�erent behaviour (Figure 3.26b). While DLS detected particle in

smaller size ranges, NTA showed polydispersed particles in larger size ranges. SEM

micrographs showed particles with diameters between 400-600nm. Further SEM

analysis also revealed the shapes of the particles, which were angular.

The major problem that both techniques face is that they are based on the

Einstein-Stokes relation which is given for spherical particle. For example the

image processing software of the nanosight identi�ed and tracked individual nano

scale particles moving under Brownian motion and relates the movement to a

particle size according to the following formula derived from the Stokes-Einstein

(Eq. 3.5)

¯(x, y)2 =
2kBT

3rhπη
(3.5)
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(a) Size distribution PP/nano-SiO2

(b) Size distribution PA6/glass-�bre

Figure 3.26: Size distribution for particles generated from PP/nano-SiO2 and PA6/GF composites
during the drilling process
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where kB is the Boltzmann constant and ¯(x, y)2 is the mean-squared speed of

a particle at a temperature T, in a medium of viscosity η, with a hydrodynamic

radius of rh. The hydrodynamic diameter of a non-spherical particle is the di-

ameter of a sphere that has the same translational di�usion speed as the particle,

as shown in Figure 3.27. The hydrodynamic size changed, whenever the shape of

a particle changed in a way that a�ects the di�usion speed. For example, small

changes in the length of a rod-shaped particle directly a�ected the size, whereas

changes in the rod's diameter, hardly a�ected the di�usion speed. For the nano-

sized particles studied it could be shown that with increasing randomizing of the

particle shape the results were less accurate, especially for particle with high aspect

ratio. Ideally, the hydrodynamic radius can be estimated beforehand, as reported

by Cavallaro et al. [161]. However, when analysing unknown particles released dur-

ing degradation processes this is not applicable. Further, DLS is at present not

adapted for the measurement of multidisperse nano-sized particles as shown in

recent studies [162;163].

Figure 3.27: Dependency of particle shape on hydrodynamic diameter
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As DLS and Nanosight are based on light scattering, the scattered lights inter-

fere mutually, and the strength of the total light varied according to the movement

of the particles. Figure 3.28 shows the light ray interaction with a spherical par-

ticle and a random particle, hitting two di�erent locations on the particle. Some

photons are re�ected; others penetrate the surface and, in doing so, are refracted.

The refracted ray of photons strikes the far side of the particle. At this interface,

some photons penetrate and are transmitted while others are re�ected internally.

The re�ected ray intersects with another internal interface and is partly re�ected

and partly penetrates. Since there is no absorption, there is no net loss of photon

energy. The intensity of the scattered light is a function of the wavelength, the

scattering angle, the particle size d, and the relative index of re�ection n of the

particle and the medium. For each size, spherical particle (of the same material

and in the same medium and illuminated by the same wavelength light) produce

a di�erent detectable scattering pattern [145;164]. However, in the case of random

particles, the intensity of scattered light was not only dependent on the particle

size but also on the angle the light hits the particle. This might explain the results

obtained during this study for rather random shaped particles.

Figure 3.28: Light ray interaction with a particles

As the particles emitted during drilling of the PP and PA6 nanocomposites
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Figure 3.29: Particle analysis via SEM [particles with 25nm diameter (yellow), particles with 50nm
diameter (red), particles with 100nm diameter and above (blue)]

had random shapes and polydispersed size fractions the particles size distribution

was additionally assessed through SEM micrographs analysis. The particle size

distribution was determined by counting particle in a speci�c area according to

their size, as shown in Figure 3.29. Particles in an area of 1x1 µm on the SEM

(magni�cation of 80000) were investigated, for the particles emitted by PP and

PP composites. For PA6 and PA6 composites an area of 2x2 µm on the SEM

(magni�cation of 50000) was investigated. Particles were then classi�ed according

to their size. The total number of particles in this area was then used to calculate

the total number of particles on the SEM substrate (area 10x10mm2) in dependence

of the volume of liquid (1 drop = 0.05 ml).

Figure 3.30 shows the obtained size distribution of the particles emitted during

drilling of PP and PA6 nanocomposites. The total number of particles emitted

from the neat polymers were of similar values with 5.04E+07 for the PP and

5.13E+07 for the PA6 matrix. However, the total number of particles emitted by
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PP nanocomposites was 10 times higher for OMMT and FGC �lled nanocompos-

ites compared to the PA6 composites and 100 times higher for the nano-SiO2 �lled

PP compared to the PA6 nanocomposite. Glass �bre �lled composites behaved

similar to the neat polymers.

3.3.5.2 Structure and morphology of deposited particles

Figure 3.31 and 3.32 shows the SEM micrographs of the nano-sized particles emit-

ted by PP and PA6 nano composites during drilling of the solid material. Irregular

shaped particles in the size range between 25-500 nm could be seen on the micro-

graphs. While rather similar particles were found for PP/OMMT, PP/FGC and

PP/glass �bres, the particles released by PP/nano-SiO2 composite were clearly

di�erent, as the composite structure was still intact. Nano-SiO2 particles in the

size range of 10-80 nm could be found on the surface of the PP matrix. However,

some of these particles might not be attached to the matrix and cause direct ex-

posure. This scenario could not be found for the PA6 based composites, as shown

in Figure 3.32. The particles released by the PA6 based composites were found in

size ranges between 200-1000nm. The irregular shape of the particles seem rather

similar for the nanocomposites and the PA6 matrix. However, for the PA6/GF

and PA6/FGC, the particles seemed more angular and the particle surface was

�ner structured.
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(a) Size distribution of PP composite

(b) Size distribution of PA6 composite

Figure 3.30: Particle size distribution of PP and PA6 composites emitted during drilling process of
bulk composite panels
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Figure 3.33a shows the WAXD di�ractograms of neat PP bulk matrix and

dust generated from it during drilling. The main peaks at 14.05◦, 16.75◦, 18.4◦

and 21.2◦ correspond to the primary di�raction of the 110, 040, 130 and 111 planes

of the α-phase crystals respectively. The peak at 2θ = 15.95◦ was associated with

the 300 plane of β-phase crystals. Therefore, a blend of α-phase and of β-phase

crystals was formed during manufacturing of the neat PP specimens. After the

disintegration of material into dust particles, the di�raction peaks became weaker

due to imperfection of the polymer crystals. Moreover, the peak associated to the

β-phase crystals (around 15,95◦) disappeared. The dominating morphological form

of crystals in the PP dust was α-phase crystals. The di�ractograms of PP/OMMT

nanocomposites dust particles (Figure 3.33b) revealed similar e�ect of drilling on

the crystal structure of PP in term of peaks position and relative intensity. It is

important to notice that drilling caused further dispersion of OMMT nanoparti-

cles since the peak at 6,5◦, corresponding to the regularly arranged OMMT lay-

ers, was not occurring for the nanocomposite dust. It is also probable that dust

was impoverished with OMMT. Drilling had the same e�ect on PP/nano-SiO2

and PP/FGC structure as on neat PP. No signi�cant changes of the dusts crys-

tallographic structure was revealed by the WAXD study. Comparing PP/FGC

bulk material to PP/FGC dust showed favoured formation of α-phase crystals due

to the mechanical processing. Moreover, the di�raction peaks observed for the

nanocomposite dust were less intensive than those of the neat PP dust indicating

that mutual in�uence of glass �bres and mechanical forces disrupted the recrystal-

isation of PP and/or caused imperfections in the existing crystal fraction. Even

stronger e�ect of crystal imperfection and lower content of crystal fraction was

observed for PP/GF composite dust (Figure 3.33e). No additional peaks on the

di�ractograms for all dusts based on PP comparing to the bulk materials which

indicated that no additional crystal forms of silicon dioxide were formed.

The di�raction pattern of the neat PA6 and its composites in bulk form and dust
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particle emitted from these composites are presented in Figure 3.34. Polymorphic

structures were formed under the action of mechanical force during drilling, since

one strong peak corresponding to the γ-phase of PA6 in bulk form was weakened af-

ter breaking the solid material into dust and additional peaks at 20.05◦ and 23.35◦

occurred, showing the formation of α-crystal phase of PA6. Re-crystallisation of

polymer matrix may be facilitated by the heat evolved during drilling of polymer

materials. The di�raction patterns of the nanocomposite dust was very similar

to that observed for PA6 dust and there are no premises that the presence of

nanoparticles played signi�cant role in polymer recrystallisation. Therefore, the

changes in the polymer structure were mainly due to the action of physical factors

during disintegration rather than the chemical composition.
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3.4 Conclusion

PP and PA6 based nanocomposites with four types of �llers: organically modi�ed

montmorillonite, fumed silica, foam-glass crystal material and glass �bres were

obtained by direct melt mixing in a twin-screw extruder. The obtained granulate

was then used for the nanocomposite manufacturing by compression moulding.

The preparation of the polymeric nanocomposites involved a careful selection of

components, processing techniques and conditions. In order to maintain a high

dispersion of the nano�llers in both apolar (PP) and polar (PA6) matrices, se-

lected nano�llers were used with appropriate surface modi�cation providing good

compatibility with both types of polymers. The presence of stable nanostructures

in the polymeric matrices were con�rmed by WAXD, SAXD and SEM analysis.

The DSC result showed that the nano�llers changed the thermal properties of the

PP matrix. While an increase of melting temperature and crystallisation temper-

ature was recorded, the degree of crystallinity decreased. It was evident that the

�llers re�ned the size of PP spherulites of the nanocomposite considerably, con-

�rming that the �llers act as nucleating sites for PP crystallisation. The nucleating

agent enhances the crystallisation rate and promotes the formation of intercrys-

talline links.

TGA showed that all PA6 nanocomposites exhibited improved thermal stability

in terms of initial temperature of degradation and temperature at maximum rate

of mass loss. The pro�les of TGA curves were slightly modi�ed upon �ller addi-

tion, indicating some changes in the degradation mechanism. The improvement in

thermal stability in nanocomposites is sometimes considered as indication of high

degree of homogenization and nanostructure formation. However, the di�erence

in thermo-oxidative degradation of the nano- and microcomposites was smaller for

the PA6 composites, in contrast to the PP based composites. Therefore, it can be

assume that the e�ect of the nano�llers on the thermal stability of the nanocom-
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posite is less pronounced for PA6 matrices.

Further, the nano-sized particles emitted during drilling from these silica based

nanocomposites were studied. Physical characterisation of the number concentra-

tion and size distribution of sub-micron particles from 5.6 to 512 nm was carried

out. In general, nano and ultra�ne airborne particles were emitted from all inves-

tigated materials, even from the neat polymer. However, composite based on PA6

polymer emitted 10 times higher particle concentration the composites based on

PP. However, in both cases composites �lled with nano-SiO2 emitted the highest

number of airborne particles and hence possessed the highest emission rates. In-

terestingly, integration of OMMT into the PA6 matrix reduced particle emission

during drilling by 1.5 times compared with the neat PA6.

The characterisation of deposited particles showed that with decreasing airborne

particle concentration the concentration of deposited particles increased and vice

verse. In this case the total number of particles emitted by the PP based com-

posites was 10-100 times higher than for the PA6 composites. For both matrices,

nano-SiO2 �lled composites emitted the highest number of particles, whilst glass

�bre �lled composite did not signi�cantly a�ect particle emission.

It can be summarised that the integration of nano�llers changes the behaviour of

polymer matrices. While the thermal properties of the resulting nanocomposites

were slightly e�ected, a signi�cant e�ect on particle emission could be observed.

Further studies, should focus on the bene�t of these nano�llers on mechanical

properties, ideally in larger structure for real life structural application should be

investigated and the emission during mechanical testing should be reported.



Chapter 4

The e�ect of low velocity impacts on

the emission of nano-sized particles

from polypropylene and polyamide 6

nanocomposites

4.1 Introduction

Material used for crashworthy structural application, traditionally have been met-

als due to their plastic deformation characteristics, which enable them to absorb

impact energy in a controlled manner. Polymer composite contrasting metals, do

not typically exhibit plastic deformation. However, their stress-strain relationships

may show signs of other types of nonlinearities, but they are superior to metals for

speci�c energy absorption. Nanoreinforced polymers have focused the attention,

because of their potential to exhibit impressive enhancements of material prop-

erties compared to the pure polymers. Therefore, polymer nanocomposites are

manufactured commercially for diverse engineering applications and are used in

many economic sectors.
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Nanoclays, due to the ease of processing, enhanced thermo-mechanical proper-

ties, wide availability, and low cost have been found to be the ideal �llers for

polymers. PMMA-epoxy-nanoclay composites [165], polypropylene-nanoclay com-

posites [58], polyvinylidene- �uoride-nanoclay nanocomposites [166] and nanoclay-

modi�ed rigid polyurethane foam [3;4;167] have exhibit improved thermo-mechanical

properties when compared to their bulk polymer constituents and conventional

micro-composite counterparts. Numerous studies have reported an improvement in

energy absorption capacities for nanoclay/polymer nanocomposites [3;4;118;168�170].

For example, John et al. [171] have shown that the incorporation of 2 and 4 vol.%

of nanoclay respectively improves the tensile modulus of cyanate ester syntactic

foams by 6 and 80%. Further fumed silica nanoparticle have been used as �ller

for polymers. Polyamide 6/SiO2 nanocomposite [46], polystyrene/SiO2 nanocom-

posite [172], polyacrylamide/SiO2 nanocomposite
[173] amongst others [38] have been

studied.

However, the increasing research, production and utilisation of nanoparticles for

consumer goods and engineering applications, raises the question about their fate

and behaviour. It is likely that, once nanoparticles are integrated into materials

they will undergo mechanical and thermal stress situations which cause nano-sized

particles to be detach as free nano�llers or hybrid particles. Therefore, the under-

standing of the exposure mechanism is crucial for the assessment of the potential

environmental and health risks.

At present various research groups have investigated the release of nano-sized parti-

cles, from nanocoating and nanocomposites, during di�erent mechanical stress sit-

uations such as shredding [29], drilling [25;94;97], sanding [30;33], and abrasion [26�28;31;32;34].

In general, only a very low amount of nano-sized particles were measured and no

free pristine nanoparticle were detected. These �ndings raises the question on the

release-ability of nanoparticles and the compatibility of the applied methods.

In order to release pristine nano�llers from a matrix, huge accelerations are nec-
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essary to generate forces able to compete with van der Waals forces, for example

through instantaneous shocks [174]. However, larger nano�llers such as nanotubes

or nano�bres are expected to be removed under lower acceleration from the matrix

surfaces.

Hence, the aim of this study is to simulate mechanical shocks, through low veloc-

ity impact, of nanocomposite cones and to evaluate the particle released from the

structures. For this porpoise PP and PA6 nanocomposites cones were manufac-

tured and their mechanical properties were analysed before subjecting the cones to

low velocity impacts. Airborne particles emitted during impact test were measured

and the results evaluated.

4.2 Experiments

4.2.1 Material selection and preparation of test samples

Polyamide 6 (Tarnamid T30, Azoty Tarnow, Poland) and polypropylene (Moplen

HP500J, Basell Polyole�ns) were used as matrix material for all composites (See

section 3.2.2). As nano�llers the following materials were utilised (5wt.%); surface

modi�ed montmorillonite (DELLITE R© 43B and 72T, Laviosa) and fumed nanosil-

ica particles (AEROSIL R© R 974 and 200, Degussa, Evonik Industries) (See Section

3.2.1). Nano�llers and polymers were compounded via extrusion to a master batch

(Granulate 1 in Figure 4.1) as described in Section 3.2.2

Additionally, polyamide 6 with 30% glass �bres and 30% glass spheres (MM-PA

I 1F30 MM-PA I 1K30, MacroMass Verkaufs AG, Germany) and polypropylene

30% glass �bres and 25% glass spheres (MM-PP BI 24 and MM-PP HE25, Macro-

Mass Verkaufs AG, Germany) were used as secondary �llers. Further, glass �bres

(GF) for PP and PA6 (Thermo�ow 636/672, Johns Manville Fibres) compounding

were integrated. This approach of melt blending was chosen to maximise nano and
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micro particle distribution throughout the polymeric matrix, as well as the ease of

handling the granulates. The recipes used for compounding of the �nal granulate

for injection moulding and the extrusion parameters can be found in Appendix B.

Figure 4.1: Three step manufacturing process of test specimen

Exploiting this recipe, �bre reinforced nanocomposites granulate were obtained

for injection moulding of crash cones and tensile bars. Figure 4.2 shows the di-

mensions of the manufactured crash cones. Tensile bars had dimensions according

to ISO 527 (Typ 1A). Injection moulding of the crash cones was conducted on a

Ferromatik (K110, Ferromatik Milacron Europe) machine with a closing pressure

of 1100kN, while tensile bars were manufactured on a Engel (ES200/60 HL ST)

machine with a closing pressure of 600kN. All injection moulding parameters can

be found in Appendix B.

4.2.2 Characterisation

The microstructure of the manufactured nanocomposites and resulting fracture

surfaces were investigated by emission scanning electron microscope (SEM) and

the crystalline structure of the manufactured nanocomposites was studies with

help of powder X-ray di�raction (XRD) according to Section 3.2.3.
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(a) Crash cone dimentions (b) Injected moulded crash cones

Figure 4.2: Manufactured crash cone dimensions form �bre reinforced nanocomposites granulate

4.2.3 Mechanical testing

4.2.3.1 Quasi-static tensile and compression test

Quasi-static tensile and compression tests were carried out using Instron 5500R

electro-mechanical machine as shown in Figure 4.3. All tensile experiments were

conducted according to ISO 527 standard. The tensile tests were conducted �ve

times for each material, at a crosshead speed of 1 mm/min, while the load was

measured using a 100 kN load cell.

Quasi-static compression test of the crash cones were conducted at a crosshead

speed of 0.1 mm/sec. The load was measured using a 100 kN load cell and the

displacement was measured using a built in crosshead displacement sensor. Dur-

ing the test the data was collected at every second, corresponding to a 0.1 mm

displacement.

4.2.3.2 Drop weight impact test

Crash cones were impacted utilising a high energy capacity drop tower rig. This

machine permits impact testing at up to 8 m/s velocity and maximum falling

weight of 300 kg. External devices for measuring the load and displacement were
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(a) Tensile test con�guration (b) Compression test con�guration

Figure 4.3: Quasi-static tensile and compression test conducted on Instron 5500R electro-mechanical
testing machine

used. Both load cell and displacement transducer were connected to the data ac-

quisition system (DAQ), which converted analog input into digital output signal.

The signal from DAQ was converted and recorded as load and displacement every

0.05 ms. The low velocity impact tests were conducted at three di�erent velocities

4.4, 6.2 and 7.7 m/s corresponding to 1, 2 and 3 metre drop heights. The experi-

mental set up can be seen in Figure 4.4. The tests were performed by direct impact

of the falling beam. The impactor mass of 54 kg was constant in all tests, giving

the overall impact energies of 520 J, 1050 J and 1580 J. The load was measured

using a 200 kN load cell, placed underneath the cones. In order to measure the

beam displacement of the cones (shortening of cone), a linear variable di�erential

transformer displacement transducer was used, with a precision of 0.01 mm and a

maximum displacement speed of 10 m/s.
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Figure 4.4: Experimental set up during drop tower impact testing of crash cones

4.2.4 Measurement of airborne particle number concentra-

tion and size distribution

To characterize the physical properties of particles generated during impacting,

the crash cones were placed in a crash chamber, as illustrated in Figure 4.5. The

particle emissions were measured using a condensation particle counter "CPC"

5.403 with classi�er "Vienna"-DMA 5.5-U (SMPS+C, Grimm Aerosol, Germany).

Prior to the measurements, the chamber was purged with laboratory air for about

20 min. Each sampling cycle comprised a 20 min background air monitoring in

the chamber, and a 40 min post-impact period. The experiment was repeated 2
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times for each composite material.

Figure 4.5: Schematic set up of crash chamber for measuring the particle emission from crash cones
during impact testing

4.3 Results and Discussion

4.3.1 Morphology of nano and micro composites

The composition of the manufactured crash cone and tensile bars can be found

in Table 4.1. Glass �bre content was kept at 30 wt. % for all composites, while

nano�ller loading accounted 1.6 wt.% and micro�ller loading varied between 9

wt.% for the PP matrix and 10.7 wt.% for the PA6 matrix.

Figure 4.6 shows SEM micrographs of the nano- and micro-SiO2, as well as

OMMT �lled PP composite. The silica micro-SiO2-phase was found as rather

large agglomerates (approx. 500 nm), mainly on the �bres. Micro �llers could be

found distributed homogeneously throughout the matrix. Additionally, the SEM

micrographs revealed that the micro-SiO2 could be found in size ranges between

10-50µm. Nanoclays could not be seen during SEM investigations. For PA6 based

composite the detection of nano- of micro-�llers was more challenges as shown

in Figure 4.7). Glass �bres were found distributed homogeneously through out
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Table 4.1: Fibre reinforced nano and micro composite composition

Material Matrix Filler 1 Filler 2

PP-GF-nanoSiO2 PP 30 wt.% glass �bre 1.6 wt.% Nanosilica

PP-GF-OMMT PP 30 wt.% glass �bre 1.6 wt.% Nanoclay

PP-GF-microSiO2 PP 30 wt.% glass �bre 9 wt.% Microsilica

PP-GF PP 30 wt.% glass �bre -

PA6-GF-nanoSiO2 PA6 30 wt.% glass �bre 1.6 wt.% Nanosilica

PA6-GF-OMMT PA6 30 wt.% glass �bre 1.6 wt.% Nanoclay

PA6-GF-microSiO2 PA6 30 wt.% glass �bre 10.7 wt.% Microsilica

PA6-GF PA6 30 wt.% glass �bre -

the investigated panels, indicating a good materials �ow during injection mould-

ing process. The results obtained during EDX analysis, illustrating the chemical

composition of the composites, can be found in Appendix C. As the matrix in all

samples was made from the polymer, carbon was mainly found. Investigation of

the �llers showed existence of the elements such as: silicon, oxygen, sodium and

calcium. An important di�erence between the nano-SiO2 and micro-SiO2 �lled

composites was observed by the existence of the silicon within the matrix of the

nanocomposites, indicating dispersion of nano�ller inside the matrix. No silicon

was found in the matrix of the micro-SiO2 composites.



114

(a
)
P
P
-G

F
-n
a
n
o
S
iO

2
(b
)
P
P
-G

F
-O

M
M
T

(c
)
P
P
-G

F
-m

ic
ro
S
iO

2
(d
)
P
P
-G

F

F
ig
u
re

4
.6
:
S
E
M

m
ic
ro
g
ra
p
h
s
o
f
�
br
e
re
in
fo
rc
ed

P
P
n
an
o
an
d
m
ic
ro

co
m
p
o
si
te



115

(a
)
P
A
6
-G

F
-n
a
n
o
S
iO

2
(b
)
P
A
6
-G

F
-O

M
M
T

(c
)
P
A
6
-G

F
-m

ic
ro
S
iO

2
(d
)
P
A
6
-G

F

F
ig
u
re

4
.7
:
S
E
M

m
ic
ro
g
ra
p
h
s
o
f
�
br
e
re
in
fo
rc
ed

P
A
6
n
an
o
an
d
m
ic
ro

co
m
p
o
si
te



116

Figure 4.8 shows the WAXD di�ractograms of the manufactured PP compos-

ites. The di�raction peaks observed at the 4.2◦ and 6.3◦ for PP-GF-OMMT could

be correlated with the presence of lamellar arranged OMMT. The crystal structure

of PP was not signi�cantly a�ected, however stronger peaks were observed for the

nanocomposite panels indicating a higher content of polypropylene crystal phase.

The WAXD di�ractograms of the manufactured PA6 composites are shown in

Figure 4.9. For the nanocomposite �lled with OMMT, the peak derived from

the γ-crystal phase of PA6 was strengthened indicating higher content of polymer

crystalline phase. While for the micro and nano-SiO2 composite, no changes in

the di�ractograms could be seen.
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(a) PP-GF-nanoSiO2

(b) PP-GF-OMMT

(c) PP-GF-microSiO2

Figure 4.8: WAXD di�ractograms of �bre reinforced PP nano- and micro-composite
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(a) PA6-GF-nanoSiO2

(b) PA6-GF-OMMT

(c) PA6-GF-microSiO2

Figure 4.9: WAXD di�ractograms of �bre reinforced PA6 nano- and micro-composite
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4.3.2 Quasi-static tensile test

Table 4.2 illustrates the mechanical properties of the manufactured nano- and mi-

crocomposites. An increase in elongation to break could be found for the PP-GF-

nanoSiO2 composites. However, in general the results showed that by integration

of nano- or micro-�llers the mechanical properties of the PP-GF matrix were re-

duced. PP does not have any polar groups in its chain [50], which in general results

in a signi�cant adhesion problems between the hydrophilic �ller and the matrix,

creating poor bonds between matrix and �ller [50]. Even though the silica used for

the manufacturing of specimens were surface modi�ed it is possible that due to

the temperatures involved in the compounding process, the modi�eder under went

degradation and hence, polymer/�ller adhesion was reduced.

On the other hand, the mechanical properties of the PA6-GF matrix were im-

proved by the integration of nano- and micro-�llers. In general the large fraction

of nanoparticle atoms that reside at the interface, causes a strong interface interac-

tion between �ller and polymer and hence enhance the mechanical properties dras-

tically. However, due to the high surface energy of the nanoparticles, nanoparticles

tend to aggregate or agglomeration which leads to bad dispersion, and therefore a

decrease of mechanical properties. Agglomeration of nano-SiO2 particles could be

seen on the SEM images. The agglomerate could be found in size ranges between

200 nm and 2 µm. It follows that di�erent studies reported dispersion of nano�llers

can be improved by the utilisation of additives or modi�ers [46;175].

4.3.3 Impact behaviour

Dynamic axial crash test of the composite cones have been conducted by direct

impact. The results obtained during the drop weight test of the cones subjected

to an impact of 6.2m/s velocity, corresponding to an energy level of 1050J are

given in Table 4.3. The amount of energy absorbed was similar for all material
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Table 4.2: Mechanical properties of nano- and microcomposites

Composites Modulus Strength Elongation

[GPA] [MPa] [%]

PP-GF-nanoSiO2 6.18 60.9 3.18

PP-GF-OMMT 6.24 60.0 2.61

PP-GF-microSiO2 5.87 46.2 1.37

PP-GF 6.87 73.4 2.92

PA6-GF-nanoSiO2 8.04 120.1 4.98

PA6-GF-OMMT 8.72 124.0 3.73

PA6-GF-microSiO2 10.09 125.6 3.09

PA6-GF 7.84 125.2 4.22

combinations. However, the amount of speci�c energy absorption varied between

the di�erent materials. The di�erence in speci�c energy absorption is caused by

the di�erent crushing lengths, which were two times higher for PA6 composites

than for PP composites. The value for the mean crushing load was much closer

to the initial peak force, for all PP composites, which had a direct in�uence on

the amount of energy absorbed by the structure. On the other hand, for the PA6

composites the mean crushing load was signi�cantly reduced and the initial peak

force increased.

Fibre reinforced nano- and micro-composites cones after impact testing are

shown in Figure 4.10 and 4.11. Cones based on PP matrix showed more delamina-

tion than those based on PA6. For the PA6 matrix based cones less damage could

be detected after integration of the �llers, especially the micro-SiO2 �ller changed

damage behaviour. For the PP based composites a typical progressive crushing

was observed. The material failed only in close proximity of the impactor, without

visible cracks along the structure. As the displacement progressed the following

sections of the cone became crushed. For the PA6 based composites the failure

mechanism was di�erent, as the material broke into large pieces and subsequently
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Table 4.3: Impact properties of nano- and microcomposites

Composites Crush
length

Initial
peak
force

Mean
crush-
ing
load

Energy
ab-
sorbed

Speci�c
energy

Speci�c
energy
increase

[mm] [kN] [kN] [kJ] [kJ/kg] [%]

PP-GF-nanoSiO2 31.4 25.72 15.41 0.376 22.6 -4.2

PP-GF-OMMT 36.02 20.02 12.86 0.401 20.5 -13

PP-GF-microSiO2 35.03 26.28 13.52 0.403 20.7 -12.3

PP-GF 29.79 22.99 14.19 0.365 23.6 -

PA6-GF-nanoSiO2 57.56 26.51 8.98 0.432 9.8 +27

PA6-GF-OMMT 62.61 38.82 4.48 0.376 7.7 +0.1

PA6-GF-microSiO2 22.03 40.42 15.58 0.32 22.3 +188.5

PA6-GF 60.5 19.99 5.64 0.356 7.7 -

another part of the material was crushed. As the cones manufactured of neat

PA6-GF (Figure 4.11a) and the PA6-GF-OMMT (Figure 4.11c) were signi�cantly

damaged at at impact velocity of 6.2 m/s, no further test at higher velocity were

conducted.
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(a) PP-GF (b) PP-GF-nanoSiO2

(c) PP-GF-OMMT (d) PP-GF-microSiO2

Figure 4.10: Macroscopic comparison of PP based crash cones subjected to 2m impact event
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(a) PA6-GF (b) PA6-GF-nanoSiO2

(c) PA6-GF-OMMT (d) PA6-GF-microSiO2

Figure 4.11: Macroscopic comparison o PA6 based crash cones subjected to 2m impact event

4.3.4 Airborne particle emission during low velocity impact

tests

4.3.4.1 Sequential alteration of number concentration

The sequential alteration of the total number concentration of particles for a typical

sampling cycle is shown in Figure 4.12. It consists of a 20-30 min background
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measurement (t ≤ tmax), the impact event (t0 = 0), and a 30 min post-impact

period (t0 ≥ tmax ). Figure 4.12, shows that the total number concentration of

particles was essentially constant with an average of 1500 particles/cm−3 before

impact. The maximum number concentration Cmax was reached at time tmax (t0

≥ tmax). Subsequently, the particle decay was observed with the concentration

falling back to the original background level approximately after a post impact

period of 20 min. To ensure that particles measured were released by the testing

composite materials, a styropor crah cone dummy was manufactured and packed

airtight. The crah cone dummy had the same dimensions as the crash cones

and was used to determine the particles generated through the impact event as

background noises. No increase in particles was measured during impacting of

the crah cone dummy, hence particle measured during the experiments were not

in�uenced by any background noises.

Figure 4.12: Sequential alteration of number concentration of a typical sampling cycle, consisting
of a 20-30 min background measurement (t ≤ tmax), the impact event (t0 = 0), and a 30 min
post-impact period (t0 ≥ tmax ) for PA6 and PP glass �bre/OMMT cones for the 1m impact event
(dummy represents the background noises generated by the impact event)
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4.3.4.2 Airborne particle size distribution

Figure 4.13 and 4.14 represent the particle size distribution of the airborne parti-

cles recorded after impacting for the di�erent composite cones at di�erent impact

energies. The plots re�ected particle size distributions at the time particle con-

centration reached it maximum. The plots present the normalised distribution

with ∆N/∆lndp versus the particle diameter dp, where ∆N is the concentration of

particles within a speci�ed size interval and ∆lndp is the di�erence in the natural

logarithm of the largest and smallest particle sizes of that interval. From visual

inspection of the graph, it can be noted that distinct modal diameters were ob-

tained which appear to be �ller dependent. Additionally, the impact velocity had a

major in�uence on the particle size distribution. A major di�erence in peaks could

be observed for the di�erent impact velocities. Peaks moved from smaller particle

sizes (10-15nm) for the 4.4 and 6.2 m/s impact towards larger particle sizes (50-

80nm) for the higher velocity impact. The shift in size distribution showed that

the integration of nano�llers changes the physical properties of the emitted parti-

cles. This could be observed for both PP and PA6 based materials. This results

contradict with the results obtained in some recent studies [27;30;31] that dealt with

abrasion and sanding of surfaces and composites. In order to release nano�llers

from a matrix, huge accelerations are necessary to generate forces able to compete

with van der Waals forces, for example through instantaneous shocks [174]. The

di�erence in mechanical processing approaches could explain the alterations in the

obtained results. Further, the normalised distribution varied depending on the

used �llers. Highest values could be found for the OMMT �lled cones for both PP

and PA6 composites.
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(a) PP - 4.4m/s impact

(b) PP - 6.2m/s impact

(c) PP - 7.7m/s impact

Figure 4.13: Normalised particle size distributions of PP based cones during 1, 2 and 3m impact
events
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(a) PA6 - 4.4m/s impact

(b) PA6 - 6.2m/s impact

(c) PA6 - 7.7m/s impact

Figure 4.14: Normalised particle size distributions of PA6 based cones during 1, 2 and 3m impact
events
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4.3.4.3 Particles emitted during impact

The number of particles emitted during crashing of the composite cones is repre-

sented in Figure 4.15.The error bars represent the standard deviation associated

with the total emission rate of particles, in the size range of 11.1-521nm, result-

ing from the three replicate measurements. OMMT �lled PP and PA6 composite

generated the most particles throughout all impact tests. In general for the im-

pact at 6.2 m/s the most particle were emitted, while impact at 4.4 and 7.7 m/s

emitted similar amounts of particles, for all nanocomposites. The only exception

was found for the PA6-GF-micro-SiO2 composite where the number of particles

emitted increased with increasing impact velocities. The cause of this behaviour

can be explained by the fracture behaviour of the composite cones during impact

test. While analysing the morphology of the fracture surfaces, di�erent fracture

mechanism could be observed which could explain the particle emitted during

impact.

Figure 4.16 shows the morphology of the fracture surfaces of PA6-GF compos-

ite and the PA6-GF-OMMT �lled nanocomposite. A strong plastic deformation

of the matrix could be see for the PA6 composite, while the OMMT �lled com-

posite showed no plastic deformation and hence a very brittle failure behaviour.

In addition a high number of �bre pull out and �bre/matrix debonding could be

found. Brittle material behaviour results is fracture of material in many pieces and

a low deformation. This mechanical characteristic is typical for polymer nanocom-

posites reinforced with silicate clays [176;177]. For example large aggregates of clay

observed in the material, serve as stress concentrators and lead to premature and

brittle failure. Therefore, it can be assumed that the integration of the OMMT

constrained the plastic deformation of the matrix. Further, this brittle behaviour

led to a increase in particle emission.
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(a) All composites

(b) Neat, nano and microsilica composites

Figure 4.15: Particles emitted during impact testing at di�erent impact velocities and hight

Additionally, it could be seen that the integration on nano-SiO2 into the matrix

did not in�uence the emission of particles drastically. Figure 4.17 shows the frac-

ture of a �bre found on the fracture surface. It can be seen that some nano-sized

particles can be found surrounding the �bre. It can be assumed that �bre fracture

is the major source of nano-sized particle emission during impacting, as the emis-
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(a) PA6-GF (b) PA6-GF

(c) PA6-GF-OMMT (d) PA6-GF-OMMT

Figure 4.16: SEM micrographs of fracture surface of impacted crash cones

sion values for nano-SiO2, micro-SiO2 and neat PP-GF and PA6-GF composites

were in the same range.

Figure 4.17: SEM micrographs of fractured �bre
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4.4 Conclusion

Nano- and micro-reinforced crash cones have been manufactured throughout a

two step extrusion process and �nal injection moulding of the nanogranulates.

Quasi-static mechanical properties and crushing behaviour of the various polymer

composites were studied. It was shown that addition of secondary �ller into the

glass-�bre reinforced polymer composites had signi�cant in�uence on the mechani-

cal behaviour of the material. It could be shown that by variation of the secondary

�llers it is possible to change the micro-mechanism of a crash and therefore con-

trol the energy absorption characteristics of the composite. Especially for the PA6

composites the secondary reinforcement lead to an increase in mechanical proper-

ties such as strength, sti�ness, and elongation to brake as well as energy absorption

capabilities.

Particulate released from various silica based composites during impacting process

were evaluated. Physical characterization of the number concentration and size

distribution of nano-sized particles from 5.6 to 512nm was carried out, for the

di�erent composites. In general, nano-sized airborne particles were emitted from

all investigated materials. However, composite �lled with OMMT emitted higher

amounts of particles than those �lled with nano and microsilica. One reason for

the increase of particle emission of the OMMT �lled composites was the change of

the failure behaviour of the matrix. OMMT induced a transition from ductile to

brittle fracture. Brittle material behaviour results in fracture of material in many

pieces and a localised deformation, and hence more particles were generated. How-

ever, obtained emission rates for both nano- and micro-SiO2 �lled composites did

not vary signi�cantly from the results obtained from traditionally reinforced glass

�bres polymer composites.
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Chapter 5

In�uence of fracture at low velocity

impacts on the nano-sized particle

emission of sandwich structures with

nano�lled foam cores

5.1 Introduction

High speci�c strength and sti�ness, low weight, excellent thermal insulation, acous-

tic damping, and �re retardancy are just some of the excellent properties sandwich

structures have to o�er in structural applications. Hence, sandwich structures are

commonly used in numerous economic sectors such as aerospace, marine, automo-

bile, locomotive, windmills, building, consumer industries among others. Despite

all theses advantages, sandwich composites su�er sensitivity to impact loading

damage and thus are limited in their function. Low energy impact can cause

structural damage to the core material, whilst the face sheet remains undamaged.

If the damage to the core material remains undetected, a potential risk for the

application arises. This is imaginable for real life scenarios such as; tool dropping,
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runway debris, bird strikes, hailstorms and ballistic loading. Therefore, it is crucial

to improve the damage resistance characteristics of sandwich structures.

The damage initiation thresholds and damage size in sandwich structures primarily

depend on the properties of the core materials and face sheets and the relationship

between them. Honeycomb or foam have been classi�ed as traditional core mate-

rials, to whom thin face sheets are bound for sandwich constructions. To decrease

the damage, traditional core materials have been reinforced with nano�llers such

as solid nanoparticles [178;179], OMMTs [1�4;168;180�182], and nano�bres [179;183].

However, due to the ease of processing, enhanced thermal-mechanical proper-

ties, wide availability, and cost, OMMTs have been found to be the ideal �ller

for reinforcement of polyurethane (PU) foams. Hosur et al. [3;4] and Njuguna et

al. [1;168;180;184;185] showed that by adding small amounts of OMMT to PU foams,

major improvements in failure strength and energy absorption could be achieved.

Further, it was reported [3;4] that the integration of OMMT led to an increase of

brittleness and hence an increase of dust generated during impact tests can be sus-

pected. Building up on these previous studies [1;168;180], the montmorillonite used in

this study has been modi�ed with a quaternary ammonium salt before integration

in the PU matrix, as reported in the literature this could increase the degree of

exfoliation in the structure [186�188], and hence increase the mechanical properties.

OMMT �lled PU foams with a high degree of exfoliation were synthesised. This

foams were used for core materials in sandwich structures and tested on energy

absorption capacity during low-velocity impact and quasi static compression. Ad-

ditionally, the thermal stability and degradation of the foams were analysed using

thermogravimetric analysis. During impact of 5wt.% OMMT �lled PU core ma-

terial particles released were studied and the exposure of OMMT from foam cores

evaluated.
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5.2 Experiments

5.2.1 Synthesis of OMMT �lled polyurethane foams

OMMT (Dellite R©43B, Laviosa Chimica Mineraria S.p.A., Italy) was used as �ller

material. The preparation of the polyurethane foams with OMMT (0-10 wt.%

loaded) consisted of three steps. In the �rst step, polyol (Rokopol RF551, PCC

Rokita S.A., Poland) was stirred with the powdered OMMT. Rokopol RF551 was

chosen as it is a general purpose sorbitol based polyether polyol recommended for

the production of rigid polyurethane which features low viscosity, medium func-

tionality and low reactivity and forms foams with excellent �ow properties and

good mechanical properties.

Then the catalyst (Polycat9, Air Products and Chemicals, Inc., UK), water and

surfactant (SR-321, Union Carbide, Marietta, GA) were added in order to prepare

the premix (component A). Polycat 9 catalyst was chosen as it is a low odour ter-

tiary amine that provides a balanced promotion of the urethane and urea reactions

in �exible and rigid foam applications.

In the next step, n-pentane as a physical blowing agent was added to component A.

The disocyanate compound was polyphenyl-polymethylene-polyisocyanate (poly-

meric MDI) with an average functionality of 2.6-2.7 acquired from Borsodchem

Polska Sp. z o.o. under the trade name ONGRONAT R© 2100. Which was added

to component A and the mixture was stirred for 10 s with an overhead stirrer.

Finally, the prepared mixtures were poured into a mould.

5.2.2 Fabrication of face sheet panels

Glass �bre reinforced polyamide 6 (MM-PA I 1F30, MACOMASS Verkaufs AG,

Germany) and polypropylene (MM-PP-BI24, MACOMASS Verkaufs AG, Ger-

many) were utilized as face sheet materials. From this granulates, plates of
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160x160x4 mm3 were injection moulded and used as face sheets for sandwich fab-

rication. All injection moulding parameters are given in Appendix D.

5.2.3 Fabrication of sandwich structures

The face sheets were cleaned with ethanol prior application of the adhesive (DP8005

2 Part EPX Acrylic Adhesive, 3M). The adhesive was evenly distributed on the

face sheet and pressed against the foam core, perpendicular to the foam growth

direction. With help of clamps, the sandwich composites were kept under constant

pressure for 12h during curing. The dimensions of the �nal sandwich structures

were; height 38mm, width 60mm and depth 60mm and can be seen in Figure 5.1.

Figure 5.1: Manufactured foam composites

5.2.4 Foam characterisation

The synthesised PU/OMMT foam, intended as core materials were analysed by

means of optical microscopy, X-ray Di�raction (XRD), fourier transform infra red

spectroscopy (FTIR), scanning electron microscopy (SEM) with integrated energy-

dispersive X-ray spectroscopy (EDX) and thermogravimetric analysis (TGA). SEM,

XRD, EDX and TGA analysis correspond to the methods used in Section 3.2.3.

Optical microscopy analyses were performed using a PZO optical microscope equipped

with vision track. To analyse the cell size and geometry, Aphelion software was

used. FT-IR spectra of the prepared foams were recorded using a BIORAD FTS

165 spectrometer, operating in the spectral range of 4000-400 cm−1. Nanofoams
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were sliced by a rotary microtom (Leica, Microsystems Ltd.) and pressed against

a spectral potassium bromide grade.

5.2.5 Quasi-static compression

Quasi-static compression tests of the sandwich structures, were carried out using an

Instron 5500R electro-mechanical machine, in the same experimental con�guration

as reported in Section 4.2.3.1.

5.2.6 Low energy impact testing

Low energy impact tests were conducted using an instrumented falling weight

impact device (drop tower). The device was equipped with data acquisition system

to acquire force versus time data. Using this machine, impact energy and velocity

can be varied by changing the mass and height of the dropping weight. The velocity

of the falling drop mass was measured just before it stroke the specimen. The

drop tower was also �tted with pneumatic rebound break, which prevents multiple

impacts on the specimen. Two impactors were utilised, a �at (70 mm diameter) for

surface load impact and a hemispherical (15 mm diameter) for localised point load

impact. The energy level was kept at 15 J for all impacts. Figure 5.2 shows the

location of the specimen in the crash chamber. Crash test occurred against foam

growth direction. The samples were placed and adjust according to the striker in

the crash chamber.

By impacting the nano�lled foams, fragments were obtained and sampled in the

crash chamber. The chamber was �lled with 250ml of double deionized water, to

suspend the particles in solution. The solution was the removed by mean of a ster-

ile syringe through the designed opening and stored in a glass vial. The solution

was �rst �ltered with general purpose �ltrate paper (Whatman Standard Grades,

11 µm) and then ultra�ltrated (Vivacell 250 ultra�ltration system, Sartorius Sted-
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Figure 5.2: Schematic diagram of designed crash camber for particle collection (left) and drop tower
con�guration (right)

imBiotech GmbH, Germany) for size fractionation. Filters with a molecular weight

cuto� of 5000 were used under 3.5 bar pressure. Additionally, airborne size distri-

butions were measured in the chamber with the help of a SMPS+C, according to

Section 4.2.4.

5.2.7 Characterisation of emitted dust particles

The microstructure of the emitted dust particles were investigated by emission

scanning electron microscope (SEM) and transmission electron microscope (TEM),

according to Section 3.2.3. Particle size distribution was measured by dynamic

light scattering (Zetasizer nano zs, Malvern Instruments Ltd.), according to Section

3.2.5.



139

5.3 Results and Discussion

5.3.1 Morphology

The cell structure of the synthesised foams are represented in Figure 5.3 and 5.4.

Due to the anisotropic structural properties of the materials, which was a result

from the forced growth of the foam, the materials were characterised in parallel and

perpendicular directions. Mean area and number of foam cells were determined,

and can be found in Table 5.1. Further, an apparent density of 40.7, 38.7, 40, 39.6

and 39.2 kg/m3 was measured for the 0, 2.5, 5, 7.5, and 10 wt.% �lled foams.

An increase of anisotropy index in parallel direction to the foam growths, could

be found for the PU/OMMT foam. It has to be noted that for the given amount

of OMMT content the amount of modi�er were already incorporated in the given

value. The highest anisotropy index could be detected for the foams with 5 and 10

wt. % of OMMT loading. The incorporation of OMMT resulted in smaller number

of cells with higher dimensions and higher anisotropy index for the parallel cross-

sections. In the case of perpendicular direction, an increase of number of cells with

smaller dimensions was observed. The choice of foaming method a�ected the foam

cell structure, particularly the mould shape and dimensions. The amount and

distribution of nucleation agents were also crucial factors for obtaining foam cells

with a controlled structure and uniform distribution [189;190]. The e�ect of OMMT

dispersion on the cells' structure has been studied in the literature [191�193]. It was

shown that the exfoliated polyurethane/OMMT foams achieved a much higher

nucleation rate than the intercalated nanocomposites, hence a more uniform cell

distribution. Once the OMMT was better dispersed (at the same nominal particle

concentration), the e�ective particle concentration was higher and thus a more

heterogeneous nucleation sites was available. Further, the e�ect of OMMT on

the cell size was studied [194]. It was reported that the cell size was reduced with

the presence of OMMT. The reduction of cells was caused by the increase of
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(a) 0 wt. %OMMT (b) 2.5 wt. %OMMT

(c) 5 wt. %OMMT (d) 7.5 wt. %OMMT

(e) 10 wt. %OMMT

Figure 5.3: Cell structure of modi�ed PU/OMMT foamed materials parallel to the direction of
foam's growth

bubbles that start to concurrently nucleate which caused less amount of gas to be

available for cell growth. The surface chemistry of the OMMT had an e�ect on the

nucleation e�ciency in the polymer clay foaming agent system. The interactions



141

(a) 0 wt. %OMMT (b) 2.5 wt. %OMMT

(c) 5 wt. %OMMT (d) 7.5 wt. %OMMT

(e) 10 wt. %OMMT

Figure 5.4: Cell structure of modi�ed PU/OMMT foamed materials perpendicular to the direction
of foam's growth

of CO2 with the interfacial region between OMMT and polymer, had a dramatic

impact on the resulting foam morphology [192].

Additionally, the foam morphology and the chemical composition of the foams
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Table 5.1: Structural properties of the PU/OMMT foamed nanofoams

OMMT
content
[wt. %]

Average num-
ber of cells

Average sur-
face of cells
[mm2]*10−3

Anisotropy
coe�cient

Parallel to 2.5 84 9.4 1.45

direction of 5 66 12 1.5

foam growth 7.5 78 10 1.41

10 66 13 1.53

Perpendicular to 2.5 89 8.3 1.21

direction of 5 102 7.1 1.08

foam growth 7.5 98 7.6 1.07

10 94 8.1 1.08

were investigated by SEM and EDX. Figure 5.5 shows the surface of the neat

PU foam and PU foam loaded with 10wt.% OMMT and the corresponding EDX

spectra. As the investigated specimen were gold sputtered, the peaks for gold can

be neglected in the spectra. From the EDX spectrum the presence of OMMT could

be proven, as 70.95 wt.% carbon, 21.88 wt.% oxygen, 0.47 wt.% sodium, 0.36 wt.%

magnisium, 1.26 wt.% aluminium, 4.56 wt.% silicon and 0.53 wt.% calcium could

be identi�ed. While the chemical analysis for the neat foams indicated only the

presence of carbon and oxygen.

5.3.2 FTIR andWAXS analysis of PU modi�ed with OMMT

The FTIR analysis of PU-based materials showed the formation of bands char-

acteristic for polyurethane, and can be seen in Figure 5.6. The following bands

were identi�ed from FTIR measurements; absorption bands at 3345 cm−1, due

to the N-H stretching, and bands around 2946, 2911 and 2871 cm−1 due to the

C-H stretching in -CH2- groups. The bands at 1717 and at 1507 cm−1 were con-

nected with the stretching vibrations of C=O in urethane and allophanate groups

(I amide band) and to the deformation vibrations of N-H bond (II amide band),
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(a) 0 wt. %OMMT

(b) 10 wt. %OMMT

Figure 5.5: SEM micrographs of modi�ed PU/OMMT foamed core materials, for foams neat foams
and foams with 10wt.% OMMT and EDX spectra of these foams

respectively. C-H stretching vibrations were re�ected in the absorption band max-

imum at 1596 cm−1. Another possible origin of that band are the deformation

vibration of N-H in urethane group. The bands at 1412 cm−1 were known to ori-

gin from the carbonyl of urethane group forming a hydrogen bonding, allophanate

and biureth bond. Bands at 1285, 1223 and 1071 cm−1 were due to the polyethers

used. The FTIR analysis con�rmed the formation of polyurethane in the presence

of OMMT. The band characteristic for OMMT was observed in a range of 1000-

1100 cm−1. A broadening of the absorption band which correspond to the ether

bound was observed, as shown in Figure 5.6b.

The nanoinduced foams were submitted to WAXD analysis in order to as-

sess the structure of the polymeric composite and the regular arrangement of the
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(a) Full spectrum

(b) Spectrum between 950-1300 cm−1

Figure 5.6: FTIR spectrum of PU/OMMT nanocomposites

OMMT. The di�raction pattern of the neat PU sample did not reveal any crys-

talline phases in the material. Figure 5.7a displays the di�ractogram of PU/OMMT

nanocomposite with a di�raction angle 2θ between 3 and 60◦. The structure of
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the PU and PU/OMMT foam specimen was completely amorphous. Since the

raw materials were multifunctional a cross-linked polymer was formed without the

ability to form a crystalline structure. The lamellar arrangement of OMMT was

maintained in the nanocomposite as evidenced by the di�raction peak at 2θ =

5.5◦, which was assigned to the (001) lattice spacing of the OMMT and can be

seen in Figure 5.7b.

(a) 2θbetween 3 and 60◦

(b) 2θ between 4 and 6.5◦

Figure 5.7: WAXD di�ractogram of PU/OMMT
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5.3.3 Thermal stability

The results of the thermogravimetric analysis of the modi�ed PU foams can be

found in Figure 5.8. The degradation of the PU/OMMT foams ran in one distinct

stage with a maximum of mass loss around 345◦C. The degradation process was

only slightly in�uenced by the presence of OMMT by shifting the degradation

slightly towards higher temperatures. The shift of degradation towards higher

temperatures was caused by the suppression of the molecular mobility of polymer

chains by the OMMT layers (Figure 5.8b). As no thermal stabilisers were used,

the following e�ects may have in�uenced the nature and extent of the thermal

decomposition; (i) speci�c intermolecular interactions via hydrogen bonding, (ii)

crystallinity, and (iii) the presence of chemical cross-linking. For instance, Wang et

al. [195] postulated that the degree of phase separation and speci�c interactions play

a major role in the decomposition of polyurethanes. The extent of inter-urethane

hydrogen bonding, arising from incomplete phase separation between the soft and

hard segments, was found to in�uence the thermal stability of PU's under investi-

gation. In a di�erent work, Ferguson et al. [196], have shown evidence for the mutual

stabilisation e�ect of soft- and hard-phase based on a protection function of soft

segments through di�erent functional groups and hydrogen bonding. Integrated

absorbance data showed that the hydrogen-bonding behaviour in polyurethanes

was insensitive to crystalline transitions within the hard segment microdomains,

but that it re�ected the morphological transitions in a block copolymer that were

associated with intersegmental mixing [197].
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(a) TG

(b) DTG

Figure 5.8: TG and DTG curves of PU/OMMT composites

5.3.4 Quasi-static compression behaviour

Compressive properties of the tested sandwich panels have been calculated ac-

cording to BS ISO 844:2004 and are presented in Table 5.2. Compressive strength,

with corresponding relative deformation were calculated and compressive stresses

at 10% relative deformation were calculated as the material yielded before com-
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pletion of the test but still resisted increasing force. The stress-strain relationship

for the sandwich panels can be found in Figure 5.9. For all manufactured sand-

wiches a decrease in compressive properties was measured. Compressive strength

and stress (at 10% relative deformation) decreased with increasing �ller loading.

A variation in compressive stress, for the di�erent face sheets could be identi�ed

for lower deformations. However, once 10% relative deformation was reached the

sandwiches with di�erent face sheets resulted in the same compressive stresses.

Nevertheless, an increase in compressive modulus could be achieved for the PA6

face sheet sandwiches.

Table 5.2: Quasi-static properties comparison

Material Compressive
strength

Relative
defor-
mation
εm

Compressive
stress (at
10% εm)

Compressive
modulus

[MPa] [%] [MPa] [MPa]

PP_PU/0%OMMT 0.236 4.76 0.229 4.55
PP_PU/2.5%OMMT 0.186 4.75 0.202 3.92
PP_PU/5%OMMT 0.160 3.02 0.187 5.30
PP_PU/7.5%OMMT 0.183 4.56 0.185 4.01
PP_PU/10%OMMT 0.139 4.56 0.162 3.05

PA6_PU/0%OMMT 0.270 6.53 0.263 4.137
PA6_PU/2.5%OMMT 0.206 4.14 0.209 4.98
PA6_PU/5%OMMT 0.157 3.82 0.184 4.10
PA6_PU/7.5%OMMT 0.163 2.99 0.189 5.45
PA6_PU/10%OMMT 0.149 2.63 0.172 5.67

Figure 5.10 shows the dependency of energy absorption during compression

in relation to the �ller loadings. Energy absorption increases with higher �ller

loadings respectively. An increase of up to 40% could be measured for both PP

and PA6 facesheets, for the 10 wt.% OMMT loaded foam. The decrease of com-

pressive strength, stress and energy absorption properties of the 5 wt.% OMMT

loaded sandwiches can be explained by the high number of cells which result in
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(a) PP-PU/OMMT sandwiches

(b) PA6-PU/OMMT sandwiches

Figure 5.9: Stress-strain relationship for manufactured sandwiches panels during quasi-static com-
pression test
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the smallest average cell suraface area. According to Cao et al. [198], the overall

compressive performance of PU nanocomposite foams depends on the competition

between the positive e�ects of clay on polymer reinforcement and foam morphol-

ogy, and the negative e�ects on H-bond formation and network structure. The

strength and the modulus of PU foams was dependent on the H-bond formation

among urethane groups. PU molecules were grafted onto the clay surface through

the reaction between -NCO- groups on the clay, so that the clay could interfere

with the H-bond formation in the PU. Which resulted in a negative e�ect on the

compressive properties of the PU nanocomposite foams. Similar results were re-

ported by Harikrishnan et al. [182] where no signi�cant increase in the compressive

strength was found with the addition of clay. The authors [182] stated that with

higher clay loading, compressive strength showed a decreasing trend which was

caused by the weakening of foam structure due to formation of large voids. Kim

et al. [7] explained the decrease of compression strength in OMMT reinforced PU

foams with the decrease of foam density with increasing clay content.

Figure 5.10: Energy absorption vs. composite loading for manufactured sandwich structures
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5.3.5 Low energy impact behaviour

Manufactured sandwich panels were subjected to low energy impact test. Samples

of each set were tested at a energy level of 15J with a hemispherical and a �at

striker. Data was collected for each impact, which included time, load, energy,

velocity and de�ection, and is represented in Table 5.3. While the usage of di�erent

face sheets has showed little di�erence for the quasi static compression tests, once

the sandwiches were subjected to low energy impact tests the PA6 face sheet shown

superiority over the PP face sheet. Further, the result indicates that the integration

of OMMT did not increase the peak force absorbed by the material, however an

increase in de�ection could be measured. The de�ection at peak load and the

maximum de�ection were qualitative indication of the sti�ness of the material.

The de�ection at peak load varied between ±1mm for the sandwiches subjected

to point impact, and increased by approx. 2.5-3 times for the surface impacted

sandwiches, compared to the neat PU foams. The increase of absorbed energy

could be calculated, respectively. Energy was absorbed in an initial stage by elastic

deformation of the material, however once the maximum elastic deformation was

reached the structure dissipated the excess energy in form of plastic deformation

or through various damage mechanisms.
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The introduced damage to the sandwich structures due to the di�erent energy

absorption mechanism of the nanoreinforced foams can be seen in Figure 5.11. The

loads induced during the impact are directly correlated with the fracture mode and

propagation of the cracks. Neat foams showed no signs of plastic deformation while

the OMMT �lled foams clearly showed signs of fracture damage. With increased

percentage of �ller loading, the degree of fracture increased as well. Brittle fracture

with progressive crashing and medium fragmentation was observed. The charac-

teristics for this fracture mode were, that axial cracks, initiated at the early stage

of the impact event and stopped quickly after the formation. Therefore, the size

of the generated debris was signi�cantly smaller than the debris size observed for

elastic deformation of the neat PU foams. Therefore, this led to the conclusion

that the utilisation of OMMT leads to changes in the energy absorption mecha-

nism of the PU studied. Further, with increasing clay content the core material

got more brittle. With increasing OMMT loadings there were increasing cracks

and plastic deformation on the surface of the foam cores along the length of the

structures.

Figure 5.11: Energy absorption of neat PP facesheet/PU-OMMT cores with increasing �ller loading
for 15J point impact

PA6 face sheets absorbed relatively more impact energy, compared to the PP

sandwich structures. The improvement in energy absorption utilising nanofoams,

was between 66-92% for PP face sheet sandwiches and 23-34% for the PA6 face

sheet sandwiches under point load. Load-de�ection graphs are shown in Figure
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5.12. It should be noted that all the specimens reported in Figure 5.12e (a-d) did

not show any perforation during the impact and hence the force returned to zero

for each test carried out as shown on in Figure 5.12e. However, to ease the reading

of the graphs it was decided to plot only the load subjected to the specimen.

The percentage of �ller loading did not have signi�cant in�uences on the speci�c

energy absorption capacities.

The results obtained in this study con�icted with results obtained by Hosur

et al. [3;4] and Njuguna et al. [1;168;180] who reported an increase of peak load for

OMMT �lled foams. Nevertheless, it should be noted that the morphology of

the PU/OMMT nano foams utilised in [1;168;180], were very di�erent from the one

used in the present study. The utilised foams had twice the number of cells in

perpendicular and parallel direction, which resulted that the average cell surface

area was half the area detected in the present study.
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5.3.6 Dust emitted from PU/OMMT foam cores

5.3.6.1 Airborne particles

PU/OMMT (5wt.%) foam cores were impacted directly (surface impact) with 15J

energy and dust emitted from the material was measured, sampled and analysed.

Airborne particle concentration was measured pre-, during and post impacting

of the specimen. The corresponding particle size distribution in each stage is

represented in Figure 5.13. It can be seen that the particle size distribution of

pre-impact and laboratory air are very similar. However, after impact the num-

ber of particles in the size range of 20-50nm had doubled. The average particle

concentration before impact was approx. 5000 cm−3, and increased rapidly after

impact to the doubled value. Once the maximum concentration was reached the

particle concentration declined and after approx. 35 min reached the initial value

of 5000 cm−3.

5.3.6.2 Deposited particles

Figure 5.14 shows the SEM micrographs of un-�ltrated solution obtained by di-

luting the PU/OMMT fractures in deionized water. An overview of the substrate

surface is given in Figure 5.14a. Characteristic for the surface area were particles,

which were enclosed by OMMT as shown in Figure 5.14b. The utilised OMMT

had a highly hydrophilic nature, hence was found to be dissolved OMMT. The

OMMT which was set free during impact dissolved in water and agglomerated

due to favourite bonding to other OMMT particles. Figure 5.14c shows a particle

surrounded by an atoll of OMMT. This con�guration was caused by the drying

process of the sample solution on the SEM substrate. During drying larger par-

ticles deposited on the surface due to sedimentation which reduced the surface

tension of the substrate and promoted agglomeration of smaller particles.

Figure 5.15 shows the micrograph made from the solution after the �rst �l-
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Figure 5.13: Normalized particle size distributions of generated particles during impact of sandwich
structures

tration step (< 11µm). Similar to the micrographs obtained from the un�ltrated

solution, particles were enclosed by dissolved OMMT matter, however from a vi-

sual investigation the concentration of dissolved OMMT matter increased after

the �ltration step. Further, smaller particles could be detected as shown in Figure

5.15b, which consisted of the same material as the bulk PU/OMMT nanocompos-

ites before impact.

The SEM micrographs obtained from the solution after the second �ltration

step (< 1µm) are shown in Figure 5.16. Figure 5.16a shows that the concentration

of dissolved OMMT matter increased, compared to the un�lrated solution and

the solution after the �rst �ltration step. However, it could not be excluded

that smaller particles were embedded in the OMMT matter. Hence, transmission

electron microscope was used to investigate this option. For TEM investigation
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(a) Surface (b) Particle

(c) Particle and OMMT atoll

Figure 5.14: SEM images of un-�ltrated solution of collected particles from the impact event

(a) Surface (b) Particle

Figure 5.15: SEM images of �ltrated solution < 11 µm of collected particles from the impact event

the solution was sonicating for 2 hours. A drop of this suspension was then placed

on a carbon-coated copper TEM grid and left to dry in air.
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(a) Surface (b) Enlargment of surface

Figure 5.16: SEM images of �ltrated solution < 1 µm of collected particles from the impact event

The TEM micrographs are shown in Figure 5.17a. As previously shown on the

SEM micrographs, the OMMT matter was also detected by TEM. However, the

enlargement of the OMMT matter showed two types of particles, which can be

seen in Figure 5.17b and 5.17c. Single OMMT structures could be found, which

kept there layered pattern and had an elliptical form with a mean semi-major

axis size of 360 nm and a mean semi-minor axis of 120 nm (Figure 5.17b). This

�nding indicates that some of the incorporated OMMT did not bond or were

fully intercalated with the matrix, so that they could be released during the low

velocity impact test. Beside pristine OMMT, composite particles could be found as

shown in Figure 5.17c. Hybrid nano-sized particles indicate that the intercalated

structure of PU/OMMT nanocomposites endured impact testing.

Additionally, DLS analyse was conduct to analyse the particle size distribu-

tion. DLS analyse detected particles in the size range of 255-458nm, as shown in

Figure 5.18. The results indicate that by �ltration of the solution the frequency

of smaller particles increases. By �ltration of the origin solution and increase of

the 255nm sized particles could be measured from 1.1% to 9.9%. The results of

the DLS correlates well with the investigations conducted via SEM. Further, the

DLS results showed that the highest frequency could be found for particle with a

geometric mean size of 342 nm, within all solutions. However, it has to be kept in
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(a) PU/OMMT fractures (b) OMMT particle

(c) PU/OMMT particle

Figure 5.17: TEM images of �ltrated solution < 1 µm of collected particles from the impact event

mind that DLS analyse is based on the theory that the investigated particles are

perfect spheres, as discussed in Section 3.3.5.1.
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Figure 5.18: DLS analyse of suspensions of collected particles from the impact event

5.4 Conclusion

Sandwich panels were fabricated with PU/OMMT foam cores and glass �bre re-

inforced PA6 and PP face sheets. Cell structure of the di�erent loaded foams

were found to be rather similar in parallel and perpendicular direction to the foam

growing direction. The degradation rate of the PU foams was slightly enhanced

by the presence of OMMT. Further, the addition of OMMT increased the energy

absorption capacity during compression and low energy impact tests. However,

lower values for compressive strength and peak load were recorded. The usage of

di�erent face sheets has showed little di�erence for the quasi static compression

tests. However, once the sandwiches were subjected to low energy impact tests

the PA6 face sheet shown superiority over the PP face sheet.

This study has shown that by impacting PU/OMMT nanocomposites via low- en-

ergy impact test, nano-sized particle can be release and generated in unbounded

and bounded state. Measurement of the released airborne particles have shown
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that during impact mainly particles in the size range of 20-50 nm are generated.

Further, investigation of the deposited particles has shown that after the second

�ltration step (< 1 µm), mostly agglomerated OMMT could be found. However,

through further dilution and soni�cation of the suspension, two types of parti-

cles could be detected on the TEM micrographs, elliptical (350x 120 nm) OMMT

layers and hybrid PU/OMMT particles. This result indicates that although the

nanocomposites had an intercalated structure not all of the OMMT was bond to

the polymer, and therefore could be released during drop tower impact test. Fur-

thermore, nano-sized particles, consisting of composite material could be detected.



Chapter 6

Overall discussion

6.1 Experimental evidence of e�ects in�uencing par-

ticle emission during di�erent release scenario

Today, examples in the open literature have shown that a variety of mechani-

cal techniques such as abrading [27;28], sanding [27;93], sawing [26], drilling [26;94;97], and

scratching [34] can release nano-sized particles contained in coatings and compos-

ite matrices. Exposure studies in laboratory, as a consequence of the approach

of exposure measurements, can provide basic data about the ability and/or the

quantity of nano-sized particle release due to simulated treatment processes.

These studies however miss a crucial point. The quantity and properties of parti-

cle released from a nanocomposite or coating is not only being in�uenced by the

pristine �ller particles, but by more complex interaction between particle/matrix

and furthermore the arising nanocomposite properties. Hence, these studied failed

in developing any e�ective assessment of the nanocomposite used, but rather just

studied individual material systems.

Within the scope of this thesis PP and PA6 based nanocomposites with di�er-

ent types of �llers: organically modi�ed montmorillonite, fumed silica, foam-glass

crystal material, glass spheres and glass �bres were obtained by direct melt mixing
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in twin-screw extruders. Further PU/OMMT foams were prepared. The prepara-

tion of the polymeric nanocomposites involved a careful selection of components,

processing techniques and conditions. Further, it was crucial to manufacture the

nanocomposite utilising no additives or modi�ers to clearly identify the sources of

particle release.

Two release scenarios were studied; a drilling process to simulate a continues re-

lease scenario and a low velocity impact test as a quick and sudden release scenario.

In the following the in�uence of matrix material, �ller type, and �ller size, on the

particle emission will be discussed.

6.1.1 E�ect of matrix type on particle emission

During drilling of the composite panels a signi�cant di�erence in particle emission

could be measured depending on the polymeric matrix used. Airborne particle

emission rates for the PA6 based composite were 10 times higher than emission

rates for the PP based nanocomposites. However, the characterisation of deposited

particles showed exactly the opposite particle behaviour. In this case the total

number of particles emitted by the PP based composites was 10-100 times higher

than those of the PA6 composites. This fact leads to the conclusion that the

studied PP based composite generated particles that agglomerates quicker and

hence promote particle deposition. This could have been caused by the form of

integration of the �llers in the matrix. The interfacial interactions between �ller

and matrix were the main driving forces for the formation of nanocomposites.

Formation of nanostructures were eased when both polymeric and inorganic �ller

had similar polarity e.g. PA6-based matrix with Si-based �llers. However, these

interactions were much harder to achieve for the PP based composites. Neverthe-

less, presence of stable nanostructures in compatibilized PP matrix were con�rmed

by WAXD, SAXD and SEM analysis. However, for PP/OMMT nanocomposite

only an intercalated structure could be found while for PA6/OMMT composites a
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higher degree of exfoliation could be found.

It is likely that the di�erent thermal properties of the matrix materials, have di-

rect in�uence on the particle emission, during drilling. The integration of OMMT

and nano-SiO2 lead to a change in the thermal properties of the PP and PA6

matrix, as discussed in Section 3.3.3. It is very likely that these changes in�u-

ence the rate of particle emission during drilling of nanoreinforced composites as

shown in Figure 6.1. With increasing melting temperatures, the particle emission

rate increased respectively. Hence, a correlation between thermal properties of the

working material and dust emission can be made.

Figure 6.1: Dependency of emission rate on the temperature

The result have shown that there is a dependency between thermal properties

and dust generation of nano�lled thermoplastics. Similar results were observed on

the nanoscale dust emission during machining of metal and metal alloys [135;199;200].

For instance, Songmene et al. [199] identi�ed �ve di�erent sources for particle emis-

sion during drilling of solid material: i) shearing action of chips; ii) deformation

and friction; iii) deformation and friction on the tool-chip interface; iv) friction

on tool-workpiece; v) and friction of chips in drill �utes as shown in Figure 6.2.
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Further, the authors also recognized the di�culty of isolating each source for a

separate study. Songmene et al. [199] reported that heat treatment of the material

Figure 6.2: Schematic representation of possible sources of particle emission during machining

in�uenced the mechanical properties, and consequently, the quantity of particles

emitted. However, the authors concluded that the quantity of particles emitted

depended on the workpiece materials conditions.

For low velocity impact test, no signi�cant e�ect of the matrix materials on the

particle emission could be found. In general PA6 generated 4-8 times more air-

borne particles than PP based composites. A pronounced di�erence in energy

absorption between the composites made of PP and PA6 matrices, was observed.

All PP composites absorbed more impact energy compared to the PA6 composites.

It was discovered that all PP composites fail in a progressive and stable manner,

whereas the PA6 composite in a brittle and unstable manner. This behaviour can

be directly associated with the mechanical properties of the matrix/�bre interac-

tion. In general, PP is a ductile material with relatively low strength, whereas

PA6 is a brittle material which possessed a high sti�ness. The brittleness of the

material caused larger cracks and fragmentation, reducing the energy absorption

capabilities of the material. In case of PP nanocomposites the matrix cracks and
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failure were localised in a close proximity of the impact point and they were no

crack propagation along the structure. Delamintation and debonding of the �bres

increase the e�ectiveness of the energy absorption, and at the same time avoided

the weakening of the non-crashed section of the structure. As impact on PP based

composite only caused localised failure and not complete failure of the composite,

it can be assumed that the emission rate of particles during impacting can be

in�uenced slightly, depending on the matrix materials.

Increasing OMMT loading in PU foams, a�e cted the brittleness of the compos-

ites structure. PU/OMMT specimen subjected to the same impact energy showed

di�erence in energy absorption mechanism. While the neat foams showed signs

of plastic deformation the nano �lled foam clearly showed signs of severe fracture

damage. In general the degree of deformation decreased and the degree of fracture

increased with increasing �ller loads. The increase of brittleness in relation to

OMMT �lling was reported previously by Yang et al. [46] and Zoukrami et al. [175].

In general, an increase in fracture promotes particles generation. Therefore, the

results obtained suggest, but do not prove, that an increase of OMMT loading

leads to an increase of particle emission. As shown for the example of the PU

foam with 5 wt.% loading, two types of particles were released during impact test;

elliptical (350x 120 nm) OMMT layers and hybrid PU/OMMT particles. This

result indicated that although the nanocomposites had an intercalated structure,

not all nanoclays were intercalated and therefore were released during drop tower

impact test.

6.1.2 E�ect of nano�ller type on particle emission

During drilling of the composite panels a signi�cant di�erence in particle emission

could be measured depending on the nano�ller type. In both matrices, compos-

ites �lled with nano-SiO2 emitted the highest number of airborne particles and

hence possessed the highest emission rates. Additionally, nano-SiO2 �lled com-
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posites emitted particles with the smallest geometric mean sizes. Nano-SiO2, in

its pristine form, was the �ller with the smallest particle size and highest bulk

density. Indeed, very small (approx. 20nm) particles were detected during SEM

investigation of the airborne particles. Therefore, it can not be excluded that

the sampled naon-sized particles were of pristine nature. Further, integration of

OMMT decreased particle emission in PA6 nanocomposite in comparison to the

neat polymer. Similar results were obtained by Raynor et al [29] while, assess-

ing the potential nano-sized particle released during nanocomposite shredding of

a thermoplastic nanocomposites (18CPP091-Forte Nanocomposite manufactured

by Noble Polymers (Grand Rapids, Mich.)). The authors measured lower parti-

cle emission for the OMMT �lled composites than for the neat resin. Further,

the measured particles were all in smaller size ranges than those of the pristine

nano�ller, hence the released nano-sized particles must have been generated by

process related mechanism, other than the direct release of pristine nano�llers.

In this study a signi�cant di�erent in nano-sized particle released by nano-SiO2

and OMMT �lled polymer nanocomposites was measured. Therefore, it can be

concluded that the type of �ller used for composite fabrication has a major impact

on the amount and type of nano-sized particle released during a drilling process.

A signi�cant in�uence of the nano�ller type used on the particle emission could

additionally be identi�ed for low velocity impact tests. OMMT �lled PP and

PA6 composite generated the most particles throughout all impact tests. This be-

haviour can be explained by the fracture mechanism of the composite cones during

impact test. The incorporation of nano-SiO2 particles did not increase the impact

strength of the material, however changed the fracture mechanism. The brittle-

ness of the material was signi�cantly reduced, which was observed as an increase

in elongation to break, determined in the tensile tests. However, the opposite

behaviour was observed for the OMMT �lled nanocomposites. In this case the

impact strength of the material was increased but at the cost of reduced ductility.
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Hence, the strain reached the maximum allowable limit and the crack propagated

along the structure, leading to a complete failure of the structure. As a result the

energy absorption capability of the material remained on the same level, in spite

of the increase in quasi-static strength and sti�ness.

Damages due to low-velocity impact events weaken the structure of composite ma-

terials, due to a continuous service load. In every material, energy is absorbed in

two ways (i) deformation of material and (ii) fracture of material. As material

deformation is limited to the material properties, the fracture of the material in

smaller and smaller pieces is the direction towards higher energy absorption ca-

pacities. In recent studies [5] it has been reported that the impact behaviour and

related properties (energy absorption capacity) of polymer matrices can be engi-

neered by adding nano-scale �llers. Figure 6.3 shows the basic principal behind

the increase in fracture pieces due to nano�llers. In a micro- and macro-�lled com-

posite (6.3 a-c), cracks will propagated from one �ller particles to the other. The

same principle is valid for nanocomposites, however the distance between particles

is reduced and therefore the material breaks in smaller pieces, resulting in a brittle

material behaviour and hence more particles are emitted.

6.1.3 E�ect of �ller size on particle emission

As shown in the literature [75;76] and by the results obtained in this study, the

utilisation of nano�ller over micro�ller in an identical matrix material led to higher

degree of property enhancement. As reported in Chapter 4.3.2 the tensile modulus

di�ered by 0.31 GPa by using nano-SiO2 instead of micro-SiO2 particles in PP

matrix. Additionally, the speci�c energy absorbed during impact test increased

from 20.7 kJ to 22.6 kJ by using nano-SiO2 alternative to micro-SiO2 particles.

Hence, it could be assumed that these changes in mechanical properties would

directly a�ect the quantity and properties of the nano-size particles released.

However, comparing the quantity and geometric mean size of particles released
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Figure 6.3: Di�erence in fracture behaviour depending of the degree of exfoliation

during di�erent impact test (Figure 6.4) it could be seen that there was a clear

pattern. While there was a maximum peak of particles concentration for the

impact at 1050J energy level, the particles geometric mean size was at a minimum

peak. Further, the released quantity was similar and signi�cantly lower for the

530J and 1560J impact. However, particle size increased signi�cantly depending

on the impact energy. The geometric particle size increased from approx. 25 nm

for the 530 J to approx. 60 nm for the 1560 J impact. Nevertheless, this behaviour

was observed for all PP and PA6 reinforced with conventional glass �bre, and the

composites containing nano-SiO2 or micro-SiO2 as a secondary �ller. Therefore,

it can be concluded that the particle size of the secondary reinforcement is not

necessarily a�ecting the particle emission during impact testing, even though it

signi�cantly in�uences the mechanical properties of the composite material.
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(a) Total particle concentration vs impact energy

(b) Geometric vs impact energy

Figure 6.4: Comparison plot of nano-SiO2 and micro-SiO2 �llers on particle emission for PP com-
posites

6.2 Summary and recommendations

Within the scope of this thesis two release scenarios for nano-sized particle ex-

posure were studied. A drilling process to simulate a continuous release scenario

and a low velocity impact test as a quick and sudden release scenario. The results

obtained suggest, that the particle emission rate and the properties of the released
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particles depend strongly on the type of matrix and �ller used. No real dependency

of �ller size on the particle emission during impact testing could be found.

The following important points can be noted:

• Nanocomposites based on PA6 matrix generated more nano-sized particles

than those based on PP matrix, during drilling and low velocity impacts.

• Nanocomposites �lled with nano-SiO2 emitted the highest number of air-

borne particles and hence possessed the highest emission rates, for both PA6

and PP matrices during drilling.

• No signi�cant di�erent in particle generation between nano and micro-SiO2

�lled PP and PA6 nanocomposite could be found during impact tests.

• OMMT integrated into PU foams, was released in bound and unbound state

during low velocity impact tests.



Chapter 7

Conclusion and future work

In this study di�erent silica based nano�llers (organically modi�ed montmoril-

lonite and nanosilica) as well as silica based micro�llers (foam-glass crystal mate-

rial, glass spheres and glass �bres) were introduced into polypropylene, polyamide

and polyurethane matrices. The preparation of the polymeric nanocomposites in-

volved a careful selection of components, processing techniques and conditions.

The nanocomposites based on PP and PA6 were prepared by direct melt mixing

in an twin-screw extruder, while the PU/nanocomposites were produced by in situ

polymerisation. The formation of nanostructures was eased when both polymeric

and inorganic �ller had similar polarity e.g. PA6-based matrix with Si-based �llers.

However, these interactions were much harder to achieve for the PP based compos-

ites. In order to maintain a high dispersion of the nano�llers in both apolar (PP)

and polar (PA6) matrix, selected nano�llers were used with appropriate surface

functionalisation providing good compatibility with both types of polymers. The

presence of stable nanostructures in compatibilised PP matrix were con�rmed by

WAXD, SAXD and SEM analysis.

In addition to the pure nanocomposite based on PP and PA6, nanocomposites

based on PP-30% glass-�bres and PA6-30% glass-�bres were fabricated using di-

rect melt mixing in a twin-screw extruder. These composites were subjected to
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di�erent mechanical process, to not only identify their properties but more fun-

damental to understand their behaviour in terms of structural integrity. In other

words, the interest laid in the understanding of particle release mechanisms. To

understand the exposure mechanism during di�erent mechanical processes, air-

borne and deposited particles were systematically characterised. Further, some

correlation between material properties and particle emission were built. From

the results obtained in this study it can be concluded that:

• Nanoparticles are released from all materials studied, whether they had

nanoparticles integrated or not. In some cases the pure polymeric matrix

emitted more airborne particles than the nano�lled composite. It was found

that two major e�ect in�uence the particle emission; matrix material and

�ller type.

• Nanoparticles released are not all free ENP but also hybrid particles con-

sisting of matrix/nano�ller material. In some cases the measured particles

were all in smaller size ranges than the pristine nano�ller, hence the released

particles must have been generated by a mechanism e.g. chopping, other

than the direct release of pristine nano�llers.

• It was shown that addition of secondary �ller into the glass-�bre reinforced

polymer composites had signi�cant in�uence on the mechanical behaviour of

the material. It could be shown that by variation of the secondary �llers it

was possible to change the micro-mechanism of a crash and therefore control

the energy absorption characteristics of the composite. Especially for the

PA6 composites the secondary reinforcement led to an increase in mechanical

properties such as strength, sti�ness, and elongation to brake as well as

energy absorption capabilities.

• The incorporation of nano-SiO2 particles did not increase the impact strength

of the material, however changed the fracture mechanism. The brittleness of
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the material was signi�cantly reduced, which was observed as an increase in

elongation to brake, determined in the tensile tests. However, the opposite

behaviour was observed for the OMMT nanocomposites. These changes in

mechanical fracture behaviour had direct impact on the particles emission

rates.

• The impact velocity had a major in�uence on the particle size distribution.

A major di�erence in particle emission could be observed for the di�erent

impact velocities. Peaks moved from smaller particle sizes (10-15nm) for the

4.4 and 6.2 m/s impact towards larger particle sizes (50-80nm) for the higher

velocity impact. The shift in size distribution showed that the integration of

nano�llers changes the physical properties of the emitted particles.

Future studies, should focus on the bene�t of these nano�llers on the mechan-

ical properties of larger structure for real life structural application and further,

the emission during the mechanical testing should be reported and compared with

the results obtained in this study. Future research also needs to include ageing of

the nanocomposites and the changes induced to the material properties and hence

particle release, due to di�erent ageing factors.

Additionally, it could be shown that the ability to measure nano-sized particles

is still challenged e.g. results obtained by DLS vs. NTA, and that measurement

devices need to be adapted/developed to analyse particle in this size ranges in a

reliable and reproductive manner. Equipments to identify the chemical composi-

tion of the released particles need to be developed for full particle characterisation.

The main possibility for nano-sized particles to be uncontrollably released into the

environment is during the use, recycling and disposal nanocomposites, therefore

future studies should focus on methods to control the release of nano-sized parti-

cles throughout these processes e.g. by the modi�cation of additives and modi�ers.

Further, the data collected within this study can be used as a starting point for
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future risk assessment, as well as for life cycle analysis for the considered materials,

in order to meet the society trends and customers demands to improve ecology,

safety and comfort.



Bibliography

[1] J. Njuguna, I. Pena, H. Zhu, S. A Rocks, M. Bluez, and S. A. Desai. Op-

portunities and environmental health challenges facing integration of poly-

mer nanocomposites technologies for automotive applications. International

Journal of Polymers and Technologies, 1(1-3):113�122, 2009.

[2] N. Gupta and R. Maharsia. Enhancement of energy absorption in syntactic

foams by nanoclay incorporation for sandwich core applications. Applied

Composite Materials, 12(3-4):247�261, 2005.

[3] M. V. Hosur, A. A. Mohammed, S. Zainuddin, and S. Jeelani. Processing

of nanoclay �lled sandwich composites and their response to low-velocity

impact loading. Composite Structures, 82(1):101�116, 2008.

[4] M. V. Hosur, A. A. Mohammed, S. Zainuddin, and S. Jeelani. Impact per-

formance of nanophased foam core sandwich composites. Materials Science

and Engineering: A, 498(1-2):100�109, 2008.

[5] L. Sun, R. F. Gibson, F. Gordaninejad, and J. Suhr. Energy absorption

capability of nanocomposites: A review. Composites Science and Technology,

69(14):2392�2409, 2009.

[6] R. K. Gupta, E. Kennel, and K. J. Kim. Polymer Nanocomposites Handbook.

CRC Press, 2010.



178

[7] S. H. Kim, M. C. Lee, H. D. Kim, H. C. Park, H. M. Jeong, K. S. Yoon,

and B. K. Kim. Nanoclay reinforced rigid polyurethane foams. Journal of

Applied Polymer Science, 117(4):1992�1997, 2010.

[8] A. Leszczynska, J. Njuguna, K. Pielichowski, and J. R. Banerjee. Poly-

mer/clay (montmorillonite) nanocomposites with improved thermal prop-

erties: Part ii: A review study on thermal stability of montmorillonite

nanocomposites based on di�erent polymeric matrixes. Themochimica Acta,

454(1):1�22, 2007.

[9] A. Leszczynska, J. Njuguna, K. Pielichowski, and J. R. Banerjee. Thermal

stability of polymer/montmorillonite nanocomposites: Part i: Factors in�u-

encing thermal stability and mechanisms of thermal stability improvement.

Themochimica Acta, 453(2):75�96, 2007.

[10] A. Arora, V. Choudhary, and D. Sharma. E�ect of clay content and

clay/surfactant on the mechanical, thermal and barrier properties of

polystyrene/organoclay nanocomposites. Journal of Polymer Research,

18(4):843�857, 2011.

[11] B. Alexandre, D. Langevin, P. Mric, T. Aubry, H. Couderc, Q. T. Nguyen,

A. Saiter, and S. Marais. Water barrier properties of polyamide 12/montmo-

rillonite nanocomposite membranes: Structure and volume fraction e�ects.

Journal of Membrane Science, 328(1-2):186�204, 2009.

[12] J. Zhang, D. D. Jiang, and C. A. Wilkie. Thermal and �ame properties of

polyethylene and polypropylene nanocomposites based on an oligomerically-

modi�ed clay. Polymer Degradation and Stability, 91(2):298�304, 2006.

[13] J. Zhu, A. B. Morgan, F. J. Lamelas, and C. A. Wilkie. Fire properties of

polystyrene-clay nanocomposites. Chemistry of Materials, 13(10):3774�3780,

2001.



179

[14] BCCResearch. Nanotechnology-nanocomposites, nanoparticles, nanoclays,

and nanotubes. Technical Report NAN021D, BCC Research, 2010.

[15] Y. Keles, A. Morales, and C. Escolano. Wp2-science and technology as-

sessment automotive and aeronautics. Technical report, ObservatoryNANO

Factsheets, 2009.

[16] K. Grzybowski. Potential market for carbon nanomaterials' applications.

Technical report, Frost & Sullivan, 2009.

[17] N. Dougnac, V., B. C. Peoples, and R. Quijada. The e�ect of nanospheres

on the permeability of pa6/sio2 nanocomposites. Polymer International,

60(11):1600�1606, 2011.

[18] Y. Zheng, Y. Zheng, and R. Ning. E�ects of nanoparticles sio2 on the

performance of nanocomposites. Materials Letters, 57(19):2940�2944, 2003.

[19] M. Preghenella, A. Pegoretti, and C. Migliaresi. Thermo-mechanical char-

acterization of fumed silica-epoxy nanocomposites. Polymer, 46(26):12065�

12072, 2005.

[20] V. Vladimirov, C. Betchev, A. Vassiliou, G. Papageorgiou, and D. Bikiaris.

Dynamic mechanical and morphological studies of isotactic polypropy-

lene/fumed silica nanocomposites with enhanced gas barrier properties.

Composites Science and Technology, 66(15):2935�2944, 2006.

[21] Y. Chen, S. Zhou, H. Yang, and L. Wu. Structure and properties of

polyurethane/nanosilica composites. Journal of Applied Polymer Science,

95(5):1032�1039, 2005.

[22] Y. Liu and M. Kontopoulou. The structure and physical properties of

polypropylene and thermoplastic ole�n nanocomposites containing nanosil-

ica. Polymer, 47(22):7731�7739, 2006.



180

[23] A. D. Maynard and R. J. Aitken. Assessing exposure to airborne nanomate-

rials: Current abilities and future requirements. Nanotoxicology, 1(1):26�41,

2007.

[24] B. Nowack and T. D. Bucheli. Occurrence, behavior and e�ects of nanopar-

ticles in the environment. Environmental Pollution, 150(1):5�22, 2007.

[25] D. Bello, B. L. Wardle, J. Zhang, N. Yamamoto, and Hallock M. San-

teufemio, C., and M. A. Virji. Characterization of exposures to nanoscale

particles and �bers during solid core drilling of hybrid cnt advanced com-

posites. International Journal of Occupational and Environmental Health,

16(4):434�450, 2010.

[26] D. Bello, B. L. Wardle, N. Yamamoto, R. Guzman de Villoria, E. J. Gar-

cia, A. J. Hart, and Ellenbecker M. J. Ahn, K., and M. Hallock. Expo-

sure to nanoscale particles and �bers during machining of hybrid advanced

composites containing carbon nanotubes. Journal of Nanoparticle Research,

11(1):231�249, 2009.

[27] W. Wohlleben, S. Brill, M. W. Meier, M. Mertler, G. Cox, S. Hirth, B. von

Vacano, V. Strauss, S. Treumann, K. Wiench, L. Ma-Hock, and R. Land-

siedel. On the lifecycle of nanocomposites: Comparing released fragments

and their in-vivo hazards from three release mechanisms and four nanocom-

posites. Small, 7(16):2384�2395, 2011.

[28] L. Schlagenhauf, B. T. T. Chu, J. Buha, F. Nueesch, and J. Wang. Release

of carbon nanotubes from an epoxy-based nanocomposite during an abrasion

process. Environmental Science & Technology, 46(13):7366�7372, 2012.

[29] P. C. Raynor, J. I. Cebula, J. S. Spangenberger, B. A. Olson, J. M. Dasch,

and J. B. D'Arcy. Assessing potential nanoparticle release during nanocom-



181

posite shredding using direct-reading instruments. Journal of Occupational

and Environmental Hygiene, 9(1):1�13, 2012.

[30] I. K Koponen, K. A. Jensen, and T. Schneider. Sanding dust from

nanoparticle-containing paints: Physical characterisation. Journal of

Physics: Conference Series, 151(1):012048, 2009.

[31] M. Vorbau, L. Hillemann, and M. Stintz. Method for the characterization

of the abrasion induced nanoparticle release into air from surface coatings.

Journal of Aerosol Science, 40(3):209�217, 2009.

[32] A. Guiot, L. Golanski, and F. Tardif. Measurement of nanoparticle removal

by abrasion. Journal of Physics: Conference Series, 170(1):1�4, 2009.

[33] D. Gohler, M. Stintz, L. Hillemann, and M. Vorbau. Characterization of

nanoparticle release from surface coatings by the simulation of a sanding

process. The Annals of Occupational Hygiene, 54(6):615�624, 2010.

[34] L. Golanski, A. Gaborieau, A. Guiot, G. Uzu, J. Chatenet, and F. Tardif.

Characterization of abrasion-induced nanoparticle release from paints into

liquids and air. Journal of Physics: Conference Series, 304(1):1�7, 2011.

[35] The European Commission. Commission recommendation of 18 october 2011

on the de�nition of nanomaterial. O�cial Journal of the European Union,

2011/696/EU, OJ L 275/38:38�40, 2011.

[36] G. C. Jacob, J. F. Fellers, S. Simunovic, and J. M. Starbuck. Energy ab-

sorption in polymer composites for automotive crashworthiness. Journal of

Composite Materials, 36(7):813�850, 2002.

[37] F. Hussain, M. Hojjati, M. Okamoto, and R. E. Gorga. Review article:

Polymer-matrix nanocomposites, processing, manufacturing, and applica-

tion: An overview. Journal of Composite Materials, 40(17):1511�1575, 2006.



182

[38] H. Zou, S. Wu, and J. Shen. Polymer/silica nanocomposites: Prepa-

ration, characterization, properties, and applications. Chemical Reviews,

108(9):3893�3957, 2008.

[39] J. Njuguna, F. Silva, and S. Sachse. Nanocomposites for Vehicle Struc-

tural Applications, Nano�bers-Production, Properties and Functional Appli-

cations, chapter 19, pages 402�434. InTech, 2011.

[40] R. A. Vaia and H. D. Wagner. Framework for nanocomposites. Materials

Today, 7(11):32�37, 2004.

[41] A. Okada and A. Usuki. Twenty years of polymer-clay nanocomposites.

Macromolecular Materials and Engineering, 292(2):220�220, 2007.

[42] F. Bellucci, D. Fabiani, G. C. Montanari, and L. Testa. The processing of

nanocomposites. In J. Keith Nelson, editor, Dielectric Polymer Nanocom-

posites, pages 31�64. Springer Verlag, Berlin / Heidelberg, 2010.

[43] S. S. Ray and M. Okamoto. Polymer/layered silicate nanocomposites:

a review from preparation to processing. Progress in Polymer Science,

28(11):1539�1641, 2003.

[44] J. W Cho and D. R Paul. Nylon 6 nanocomposites by melt compounding.

Polymer, 42(3):1083�1094, 2001.

[45] J.-J. Luo and I. M. Daniel. Characterization and modeling of mechanical

behavior of polymer/clay nanocomposites. Composites Science and Technol-

ogy, 63(11):1607�1616, 2003.

[46] F. Yang, Y. Ou, and Z. Yu. Polyamide 6/silica nanocomposites prepared by

in situ polymerization. Journal of Applied Polymer Science, 69(2):355�361,

1998.



183

[47] R. Sengupta, A. Bandyopadhyay, S. Sabharwal, T. K. Chaki, and A. K.

Bhowmick. Polyamide-6,6/in situ silica hybrid nanocomposites by sol-gel

technique: synthesis, characterization and properties. Polymer, 46(10):3343�

3354, 2005.

[48] Y. Ou, F. Yang, and Z.-Z. Yu. A new conception on the toughness of ny-

lon 6/silica nanocomposite prepared via in situ polymerization. Journal of

Polymer Science Part B: Polymer Physics, 36(5):789�795, 1998.

[49] A. C. Boussia, S. N. Vouyiouka, and C. D. Papaspyrides. Polyamide

Nanocomposites by In-situ Polymerization. John Wiley & Sons, Inc., 2011.

[50] M. Modesti, A. Lorenzetti, D. Bon, and S. Besco. E�ect of processing condi-

tions on morphology and mechanical properties of compatibilized polypropy-

lene nanocomposites. Polymer, 46(23):10237�10245, 2005.

[51] P. Kiliaris and C. D. Papaspyrides. Polymer/layered silicate (clay) nanocom-

posites: An overview of �ame retardancy. Progress in Polymer Science,

35(7):902�958, 2010.

[52] S. Pavlidou and C. D. Papaspyrides. A review on polymer-layered silicate

nanocomposites. Progress in Polymer Science, 33(12):1119� 1198, 2008.

[53] T. G. Gopakumar, J. A. Lee, M. Kontopoulou, and J. S. Parent. In�uence of

clay exfoliation on the physical properties of montmorillonite/polyethylene

composites. Polymer, 43(20):5483�5491, 2002.

[54] A. Usuki, M. Kato, A. Okada, and T. Kurauchi. Synthesis of polypropylene-

clay hybrid. Journal of Applied Polymer Science, 63(1):137�138, 1997.

[55] X. Liu and Q. Wu. Pp/clay nanocomposites prepared by grafting-melt in-

tercalation. Polymer, 42(25):10013�10019, 2001.



184

[56] L. Zhu and M. Xanthos. E�ects of process conditions and mixing protocols

on structure of extruded polypropylene nanocomposites. Journal of Applied

Polymer Science, 93(4):1891�1899, 2004.

[57] M. Abdel-Goad. Rheological characterization of melt compounded

polypropylene/clay nanocomposites. Composites Part B: Engineering,

42(5):1044�1047, 2011.

[58] G. Galgali and and Ashish L. Agarwal, S. E�ect of clay orientation

on the tensile modulus of polypropylene/nanoclay composites. Polymer,

2004(17):6059�6069, 45.

[59] D. Garca-Lopez, I. Gobernado-Mitre, J. C. Merino, and J. M. Pastor. Ef-

fect of the amount and funtionalization grade of ppgma compatibilization

agent in polypropylene/clay nanocomposites. Polymer Bulletin, 59(5):667�

676, 2007.

[60] C. H. Hong, Y. B. Lee, J. W. Bae, J. Y. Jho, B. U. Nam, and T. W. Hwang.

Preparation and mechanical properties of polypropylene/clay nanocompos-

ites for automotive parts application. Journal of Applied Polymer Science,

98(1):427�433, 2005.

[61] R. M. Boumbimba, K. Wang, N. Bahlouli, S. Ahzi, Y. Rnd, and F. Ad-

diego. Experimental investigation and micromechanical modeling of high

strain rate compressive yield stress of a melt mixing polypropylene organ-

oclay nanocomposites. Mechanics of Materials, 52(0):58�68, 2012.

[62] S. C. Jana and S. Jain. Dispersion of nano�llers in high performance poly-

mers using reactive solvents as processing aids. Polymer, 42(16):6897�6905,

2001.



185

[63] J. K Nelson. Dielectric Polymer Nanocomposites. Springer Verlag, Berlin /

Heidelberg, 2009.

[64] H. R. Dennis, D. L. Hunter, D. Chang, S. Kim, J. L. White, J. W. Cho, and

D. R. Paul. E�ect of melt processing conditions on the extent of exfoliation

in organoclay-based nanocomposites. Polymer, 42(23):9513�9522, 2001.

[65] J. Ma, M. S. Mo, X. S. Du, P. Rosso, K. Friedrich, and H. C. Kuan. E�ect

of inorganic nanoparticles on mechanical property, fracture toughness and

toughening mechanism of two epoxy systems. Polymer, 49(16):3510�3523,

2008.

[66] M. Z. Rong, M. Q. Zhang, Y. X. Zheng, H. M. Zeng, R. Walter, and

K. Friedrich. Structure-property relationships of irradiation grafted nano-

inorganic particle �lled polypropylene composites. Polymer, 42(1):167�183,

2001.

[67] P. M. Ajayan, L. S. Schadler, and P. V. Braun. Nanocomposite Science and

Technology. John Wiley & Sons, Inc., 2003.

[68] J.C. Viana. Polymeric materials for impact and energy dissipation. Plastics,

Rubber & Composites Processing and Applications, 35(6-7):260�267, 2006.

[69] A. A. Mohammed, M. V. Hosur, and S. Jeelani. Processing and characteriza-

tion of nanophased polyurethane foams. Cellular Polymers, 25(1):293�306,

2006.

[70] Z.H. Liu, K.W. Kwok, R.K.Y. Li, and C.L. Choy. E�ects of coupling agent

and morphology on the impact strength of high density polyethylene/caco3

composites. Polymer, 43(8):2501�2506, 2002.

[71] A.K. Subramaniyan and C.T. Sun. Toughening polymeric composites using



186

nanoclay:crack tip scale e�ects on fracture toughness. Composites Part A,

38(1):34�43, 2007.

[72] I.L. Dubnikova, S.M. Berezina, and A.V. Antonov. E�ect of rigid particle

size on the toughness of �lled polypropylene. Journal of Applied Polymer

Science, 94(5):1917�1926, 2004.

[73] W.E. Dondero and R.E. Gorga. Morphological and mechanical properties

of carbonnanotube/polymer composites via melt compounding. Journal of

Polymer Science Part B: Polymer Physics, 44(5):864�878, 2006.

[74] M. Kireitseu, D. Hui, and G. Tomlinson. Advanced shock resistant and

vibration damping of nanoparticle reinforced composite material. Composite

Part B: Engineering, 39(1):128�138, 2008.

[75] S. Wacharawichanant, S. Thongyai, A. Phutthaphan, and A. Eiamsam-ang.

E�ect of particle sizes of zinc oxide on mechanical, thermal and morpho-

logical properties of polyoxymethylene/zinc oxide nanocomposites. Polymer

Testing, 27(8):971�976, 2008.

[76] Y. Fu, S., X.-Q. Feng, B. Lauke, and Y.-W. Mai. E�ects of particlesize,

particle/matrixinterfaceadhesion and particleloading on mechanicalproper-

ties of particulate-polymer composites. Composites Part B: Engineering,

39(6):933�961, 2008.

[77] T. Xiao, Y. Ren, K. Liao, P. Wu, F. Li, and H.M. Cheng. Determination of

tensile strength distribution of nanotubes from testing of nanotube bundles.

Composite Science and Technology, 68(14):2937�2942, 2008.

[78] V. Tomar and M. Zhou. Deterministic and stochastic analyses of fracture

processes in a brittle microstructure system. Engineering Fracture Mechan-

ics, 71(11):1920�41, 2005.



187

[79] J. C. Lin. Investigation of impact behaviour of various silica reinforced poly-

meric matrix nanocmposites. Composite Structures, 84(2):125�131, 2008.

[80] S. J. Park, B.J. Kim, D.I. Seo, K.Y. Rhee, and Y.Y. Lyu. E�ects of a silane

treatment on the mechanical interfacial properties of montmorillonite/epoxy

nanocomposites. Material Science and Engineering A, 523(1-2):74�78, 2009.

[81] L. M. Hamming, R. Qiao, P.B. Messersmith, and L. Catherine-Brinson. Ef-

fects of dispersion and interfacial modi�cation on the macroscale properties

of tio2 polymer-matrix nanocomposites. Composite Science and Technology,

69(11-12):1880�1888, 2009.

[82] P. I. Xidas and K. S. Triantafyllidis. E�ect of the type of alkylammonium

ion clay modi�er on the structure and thermal/mechanical properties of

glassy and rubbery epoxy-clay nanocomposites. European Polymer Journal,

46(3):404�417, 2010.

[83] B. Nowack, J. F. Ranville, S. Diamond, J. A. Gallego-Urrea, C. Metcalfe,

J. Rose, N. Horne, A. A. Koelmans, and S. J. Klaine. Potential scenar-

ios for nanomaterial release and subsequent alteration in the environment.

Environmental Toxicology and Chemistry, 31(1):50�59, 2012.

[84] C. Som, M. Berges, Q. Chaudhry, M. Dusinska, T. F. Fernandes, S. I. Olsen,

and B. Nowack. The importance of life cycle concepts for the development

of safe nanoproducts. Toxicology, 269(2-3):160�9, 2010.

[85] C. Som, P. Wick, H. Krug, and B.. Nowack. Environmental and health

e�ects of nanomaterials in nanotextiles and fasade coatings. Environment

International, 37(6):1131�1142, 2011.

[86] S. Kaluza, Kleine Balderhaar; J., B. Orthen, B. Honnert, E. Jankowska,

P. Pietrowski, M. G. Rosell, C. Tanarro, J. Tejedor, and A. Zugasti. Lit-



188

erature review-workplace exposure to nanoparticles. Technical report, EU-

OSHA-European Agency for Safety and Health at Work, 2009.

[87] H. Becker, W. Dubbert, K. Schwirn, and D. Vlker. Nanotechnology for

mankind and environment-seize upon opportunities, reduce risks. Technical

report, Umweltbundesamt-Federal Environment Agency, 2009.

[88] V. L. Colvin. The potential environmental impact of engineered nanomate-

rials. Nature Biotechnology, 21(6):1166�1170, 2003.

[89] M. R. Wiesner, G. V. Lowry, P. Alvarez, D. Dionysiou, and P. Biswas. As-

sessing the risks of manufactured nanomaterials. Environmental Science &

Technology, 40(14):4336�4345, 2006.

[90] R. C. Murdock, L. Braydich-Stolle, A. M. Schrand, J. J. Schlager, and S. M.

Hussain. Characterization of nanomaterial dispersion in solution prior to

in vitro exposure using dynamic light scattering technique. Toxicological

Sciences, 101(2):239�253, 2008.

[91] NEPHH. Wp1: Technological surveillance system. Technical report, Project

Reference No. 228536-2: Nanomaterials Related Environmental Pollution

and Health Hazards throughout Their Life-Cycle, 2012.

[92] D. Fleury, B. R. Mili, A. Janes, A. Vignes, J. A. S. Bom�m, S. Sinesi, and

J. X. Bouillard. New evidence towards the release of airborne carbon nan-

otubes when burning nanocomposite polymers. Nanotechnology, 1(5):538�

541, 2001.

[93] L. G. Cena and T. M. Peters. Characterization and control of airborne parti-

cles emitted during production of epoxy/carbon nanotube nanocomposites.

Journal of Occupational and Environmental Hygiene, 8(2):86�92, 2011.



189

[94] S. Sachse, F. Silva, A. Irfan, H. Zhu, K. Pielichowski, A. Leszczynska,

M. Blazquez, O. Kazmina, O. Kuzmenko, and J. Njuguna. Physical charac-

teristics of nanoparticles emitted during drilling of silica based polyamide 6

nanocomposites. IOP Conference Series: Materials Science and Engineer-

ing, 40(1):012012, 2012.

[95] I. Agranovski. Aerosols: Science and Technology. John Wiley & Sons, Inc.,

2010.

[96] R. M. Harrison. Review: Key pollutants-airborne particles. Science of the

Total Environment, 334(1):3�8, 2004.

[97] S. Sachse, F. Silva, A. Irfan, H. Zhu, K. Pielichowski, A. Leszczynska,

M. Blazquez, O. Kazmina, O. Kuzmenko, and J. Njuguna. The e�ect of

nanoclay on dust generation during drilling of pa6 nanocomposites. Journal

of Nanomaterials, 2012(1):8, 2012.

[98] P. Kulkarni, P. A. Baron, and K. Willeke. Aerosol Measurement: Principles,

Techniques, and Applications. John Wiley & Sons, Inc., 2011.

[99] L. Morawska and T. Salthammer. Indoor Environment. John Wiley & Sons,

Inc., 2011.

[100] I. Linkov and J. A. Steevens. Nanomaterials: Risks and Bene�ts. Springer

Verlag, Berlin / Heidelberg, 2008.

[101] G. Mordas, H. E. Manninen, T. Petaja, P. P. Aalto, K. Hameri, and M. Kul-

mala. On operation of the ultra-�ne water-based cpc tsi 3786 and comparison

with other tsi models (tsi 3776,tsi 3772, tsi 3025, tsi 3010, tsi 3007). Aerosol

Science and Technology, 42(2):152�158, 2008.

[102] M. Methner, C. Beaucham, C. Crawford, L. Hodson, and C. Geraci. Field

application of the nanoparticle emission assessment technique (neat): Task-



190

based air monitoring during the processing of engineered nanomaterials

(enm) at four facilities. Journal of Occupational and Environmental Hy-

giene, 9(9):543�555, 2012.

[103] T. Walser, S. Hellweg, R. Juraske, N. A. Luechinger, J. Wang, and M. Fierz.

Exposure to engineered nanoparticles: Model and measurements for accident

situations in laboratories. Science of The Total Environment, 420(420):119�

126, 2012.

[104] J. Wang, C. Asbach, H. Fissan, T. Hlser, H. Kaminski, T. Kuhlbusch, and

D. Pui. Emission measurement and safety assessment for the production pro-

cess of silicon nanoparticles in a pilot-scale facility. Journal of Nanoparticle

Research, 14(4):1�9, 2012.

[105] Y. L. Sun, Q. Zhang, J. J. Schwab, W.-N. Chen, M.-S. Bae, H.-M. Hung, Y.-

C. Lin, N. L. Ng, J. Jayne, P. Massoli, L. R. Williams, and K. L. Demerjian.

Characterization of near-highway submicron aerosols in new york city with

a high-resolution aerosol mass spectrometer. Atmospheric Chemistry and

Physics, 12(4):2215�2227, 2012.

[106] H. Minoura, H. Takekawa, and S. Terada. Roadside nanoparticles corre-

sponding to vehicle emissions during one signal cycle. Atmospheric Environ-

ment, 43(3):546�556, 2009.

[107] K. Watanabe, H. Honoki, F. Endo, T. Murakami, Y. Yoshida, H. Iida, Y. Ue-

hara, and A. Kume. Number concentration and size distribution of ultra�ne

particles on the roadside of the tateyama-kurobe alpine route, japan. Journal

of Environmental Science and Health, Part A, 46(9):921�930, 2011.

[108] P. Kumar, L. Morawska, and R. Harrison. Nanoparticles in european cities

and associated health impacts. In The Handbook of Environmental Chem-



191

istry, The Handbook of Environmental Chemistry, pages 1�27. Springer Ver-

lag, Berlin / Heidelberg, 2012.

[109] C. Kuang, M. Chen, P. H. McMurry, and J. Wang. Modi�cation of laminar

�ow ultra�ne condensation particle counters for the enhanced detection of

1 nm condensation nuclei. Aerosol Science and Technology, 46(3):309�315,

2012.

[110] M. D. Wright, P. Fews, P. A. Keitch, and D. L. Henshaw. Small-ion and

nano-aerosol production during candle burning: Size distribution and con-

centration pro�le with time. Aerosol Science and Technology, 41(5):475�484,

2007.

[111] S. W. Bell, R. A. Hansell, J. C. Chow, S.-C. Tsay, N. C. Hsu, N.-H. Lin,

S.-H. Wang, Q. Ji, C. Li, J. G. Watson, and A. Khlystov. Constraining

aerosol optical models using ground-based, collocated particle size and mass

measurements in variable air mass regimes during the 7-seas/dongsha exper-

iment. Atmospheric Environment, In Press, 2012.

[112] L. Li, Z. Zuo, D. A. Japuntich, and D. Y. H. Pui. Evaluation of �lter

media for particle number, surface area and mass penetrations. Annals of

Occupational Hygiene, 56(5):581�594, 2012.

[113] B. Fadeel, A. Pietroiusti, and A. Shvedova. Adverse E�ects of Engineered

Nanomaterials: Exposure, Toxicology, and Impact on Human Health. Else-

vier Inc., 2012.

[114] C. Asbach, H. Kaminski, D. Von Barany, T. A. J. Kuhlbusch, C. Monz,

N. Dziurowitz, J. Pelzer, K. Vossen, K. Berlin, S. Dietrich, U. Goetz, H.-J.

Kiesling, R. Schierl, and D. Dahmann. Comparability of portable nanoparti-

cle exposuremonitors. Annals of Occupational Hygiene, 56(5):606�621, 2012.



192

[115] J. Leskinen, J. Joutsensaari, J. Lyyraenen, J. Koivisto, J. Ruusunen,

M. Jel. Tuomi, . Haemeri, K, A. Auvinen, and J. Jokiniemi. Comparison of

nanoparticle measurement instruments for occupational health applications.

Journal of Nanoparticle Research, 14(2):1�16, 2012.

[116] C.-H. Jeong and G. J. Evans. Inter-comparison of a fast mobility parti-

cle sizer and a scanning mobility particle sizer incorporating an ultra�ne

water-based condensation particle counter. Aerosol Science and Technology,

43(4):364�373, 2009.

[117] C. Asbach, H. Kaminski, and Monz C. Fissan, H., and Mlhopt S. and Paur H.

R. and Kiesling H. J. and Herrmann F. Dahmann, D., M. Voetz, and T. A. J.

Kuhlbusch. Comparison of four mobility particle sizers with di�erent time

resolution for stationary exposure measurements. Journal of Nanoparticle

Research, 11(7):1593�1609, 2009.

[118] M. D. Cheng, E. A. Ford, D. W. DePaoli, E. A. Kenik, and P. Angelini.

Validation of tio2 particle-size distribution measured by scanning mobility

particle sizer. Industrial & Engineering Chemistry Research, 46(19):6269�

6272, 2007.

[119] K. Jensen, I. Koponen, P. Clausen, and T. Schneider. Dustiness behaviour

of loose and compacted bentonite and organoclay powders: What is the

di�erence in exposure risk? Journal of Nanoparticle Research, 11(1):133�

146, 2009.

[120] J. H. Vincent. Aerosol Sampling: Science, Standards, Instrumentation and

Applications. John Wiley & Sons, Inc., 2007.

[121] M. Marjam, D. R. Chen, and D. Y. H. Pui. Performance evaluation of the

cal low-pressure impactor (elpi). Journal of Aerosol Science, 31(2):249�261,

1999.



193

[122] G. S. Thomas. Observations of the Tapered Element Oscillating Microbalance

As Compared to a Gravimetric Method for Particulate Matter Measurement.

ProQuest, UMI Dissertation Publishing, 2012.

[123] J. Yli-Ojanperae, H. Sakurai, K. Iida, J. M. Maekelae, K. Ehara, and J. Ke-

skinen. Comparison of three particle number concentration calibration stan-

dards through calibration of a single cpc in a wide particle size range. Aerosol

Science and Technology, 46(11):1163�1173, 2012.

[124] M. M. Maricq, D. H. Podsiadlik, and R. E. Chase. Size distributions of motor

vehicle exhaust pm: A comparison between elpi and smps measurements.

Aerosol Science and Technology, 33(3):239�260, 2000.

[125] D. Green and G. W. Fuller. The implications of tapered element oscillating

microbalance (teom) software con�guration on particulate matter measure-

ments in the uk and europe. Atmospheric Environment, 40(29):5608�5616,

2006.

[126] A. Miller, G. Frey, G. King, and C. Sunderman. A handheld electrostatic

precipitator for sampling airborne particles and nanoparticles. Aerosol Sci-

ence and Technology, 44(6):417�427, 2010.

[127] J. H. Seinfeld and S. N. Pandis. Atmospheric Chemistry and Physics: From

Air Pollution to Climate Change, 2nd Edition. John Wiley & Sons, Inc.,

2006.

[128] T. Tzamkiozis, L. Ntziachristos, and Z. Samaras. Diesel passenger car pm

emissions: From euro 1 to euro 4 with particle �lter. Atmospheric Environ-

ment, 44(7):909�916, 2010.

[129] J. Wang, V. F. McNeill, D. R. Collins, and R. C. Flagan. Fast mixing con-

densation nucleus counter: Application to rapid scanning di�erential mobil-



194

ity analyzer measurement. Aerosol Science and Technology, 36(6):678�689,

2002.

[130] T. Xia, N. Li, and E. Ne, A. Potential health impact of nanoparticles. Annual

Review of Public Health, 30(1):137�150, 2009.

[131] N. Rastogi, R. D. McWhinney, U. S. Akhtar, B. Urch, M. Fila, J. P. D.

Abbatt, J. A. Scott, F. S. Silverman, J. R. Brook, and G. J. Evans. Phys-

ical characterization of the university of toronto coarse, �ne, and ultra�ne

high-volume particle concentrator systems. Aerosol Science and Technology,

46(9):1015�1024, 2012.

[132] R. D. McWhinney, N. Rastogi, B. Urch, F. Silverman, J. R. Brook, G. J.

Evans, and J. P. D. Abbatt. Characterization of the university of toronto

concentrated aerosol particle exposure facility (capef)- e�ects on �ne and

ultra�ne nonrefractory aerosol composition. Aerosol Science and Technology,

46(6):697�707, 2012.

[133] S. Bakand and A. Hayes. Troubleshooting methods for toxicity testing of

airborne chemicals in vitro. Journal of Pharmacological and Toxicological

Methods, 61(2):76�85, 2010.

[134] J. Njuguna, S. Sachse, A. Ifran, H. Zhu, S. Michalowski, and K. Pielichowski.

Nanoparticles released from structural nano-enhanced products following

mechanical loading at low velocity impacts: A case study on structural

polyurethane nanoreinforced foams. In 4th International Seminar on Mod-

ern Polymeric Materials for Environmental Applications, volume 4, pages

247�254, 2010.

[135] and Khettabi R. Songmene, V., I. Zaghbani, J. Kouam, and A. Djebara.

Machining and Machinability of Aluminum Alloys, chapter 18, pages 378�

400. InTech, 2011.



195

[136] N. P. Hung, F. Y. C. Boey, K. A. Khor, Y. S. Phua, and H. F. Lee. Machin-

ability of aluminum alloys reinforced with silicon carbide particulates. Jour-

nal of Materials Processing Technology, 56(1-4):966�977, 1996.

[137] I. Zaghbani, V. Songmene, and R. Khettabi. Fine and ultra�ne particle

characterization and modeling in high-speed milling of 6061-t6 aluminum

alloy. Journal of Materials Engineering and Performance, 18(1):38�48, 2009.

[138] S. P. Bao and S. C. Tjong. Mechanical behaviors of polypropylene/carbon

nanotube nanocomposites: The e�ects of loading rate and temperature. Ma-

terials Science and Engineering: A, 485(1-2):508�516, 2008.

[139] D. W. V. Revelen. Properties of polymers. Elsevier Inc., 1976.

[140] T. Soitong and J. Pumchusak. The relationship of crystallization behav-

ior, mechanical properties, and morphology of polypropylene nanocomposite

�bers. Journal of Materials Science, 46(6):1697�1704, 2011.

[141] B. Wunderlich. Thermal Analysis of Polymeric Materials. Springer Verlag,

Berlin / Heidelberg, 2005.

[142] B. Wunderlich. Macromolecular Physics (Volume 3)-Crystal Melting. Aca-

demic Press, 1980.

[143] W. Liu, J. Zhang, J. H. Hashim, J. Jalaludin, Z. Hashim, and B. D. Gold-

stein. Mosquito coil emissions and health implications. Environmental Health

Perspectives, 111(12):1454�1460, 2003.

[144] S. W. See, R. Balasubramanian, and U. M. Joshi. Physical characteristics

of nanoparticles emitted from incense smoke. Science and Technology of

Advanced Materials, 8(1-2):25, 2007.

[145] C. S. Jr. Johnson and D. A. Gabriel. Laser light scattering. Biophysical

Journal, 69(1):287, 1995.



196

[146] H. Galina, Y. Ikada, K. Kato, R. Kitamaru, J. Lechowicz, J. Uyama, and

C. Wu. Grafting-Characterization Techniques-Kinetic Modeling. Springer

Verlag, Berlin / Heidelberg, 1998.

[147] O. Kaz'mina, V. Vereshchagin, and B. Semukhin. Structure and strength

of foam-glass-crystalline materials produced from a glass granulate. Glass

Physics and Chemistry, 37(4):371�377, 2011.

[148] J. W. Gilman. Flammability and thermal stability studies of polymer

layered-silicate (clay) nanocomposites. Applied Clay Science, 15(1-2):31�49,

1999.

[149] M. Alexandre and P. Dubois. Polymer-layered silicate nanocomposites:

preparation, properties and uses of a new class of materials. Materials Sci-

ence and Engineering: Reports, 28(1-2):1�63, 2000.

[150] R. Kotsilkova, V. Petkova, and Y. Pelovski. Thermal analysis of polymer-

silicate nanocomposites. Journal of Thermal Analysis and Calorimetry,

64(2):591�598, 2001.

[151] J. Qian, P. He, and K. Nie. Nonisothermal crystallization of pp/nano-sio2

composites. Journal of Applied Polymer Science, 91(2):1013�1019, 2004.

[152] Y. Zhang, J. H. Yang, T. S. Ellis, and J. Shi. Crystal structures and their

e�ects on the properties of polyamide 12/clay and polyamide 6,6/polyamide

66/clay nanocomposites. Journal of Applied Polymer Science, 100(6):4782�

4794, 2006.

[153] T.-M. Wu and E.-C. Chen. Isothermal and nonisothermal crystallization

kinetics of poly(e-caprolactone)/multi-walled carbon nanotube composites.

Polymer Engineering & Science, 46(9):1309�1317, 2006.



197

[154] W.-C. Chen. Some experimental investigations in the drilling of carbon

�ber-reinforced plastic (cfrp) composite laminates. International Journal of

Machine Tools and Manufacture, 37(8):1097�1108, 1997.

[155] R. Khettabi, V. Songmene, and J. Masounave. E�ect of tool lead angle and

chip formation mode on dust emission in dry cutting. Journal of Materials

Processing Technology, 194(1-3):100�109, 2007.

[156] V. H. Grassian. Nanoscience and nanotechnology: environmental and health

impacts. John Wiley & Sons, Inc., 2008.

[157] W. C. Hinds. Aerosol Technology: Properties, Behavior, and Measurement

of Airborne Particles. John Wiley & Sons, Inc., 1982.

[158] V. Filipe, A. Hawe, and W. Jiskoot. Critical evaluation of nanoparticle

tracking analysis (nta) by nanosight for the measurement of nanoparticles

and protein aggregates. Pharmaceutical Research, 27(5):796�810, 2010.

[159] J. Demeester, S. S. De Smedt, N. N. Sanders, and J. Haustraete. Methods

for structural analysis of protein pharmaceuticals, chapter Light Scattering,

pages 245�276. AAPS Press, 2005.

[160] J. Jiang, G. Oberdrster, and P. Biswas. Characterization of size, surface

charge, and agglomeration state of nanoparticle dispersions for toxicological

studies. Journal of Nanoparticle Research, 11(1):77�89, 2009.

[161] G. Cavallaro, G. Lazzara, and S. Milioto. Dispersions of nanoclays of di�er-

ent shapes into aqueous and solid biopolymeric matrices. extended physico-

chemical study. Langmuir, 27(3):1158�1167, 2011.

[162] L. Calzolai, D. Gilliland, C. P. Garc and F. Rossi. Separation and characteri-

zation of gold nanoparticle mixtures by �ow-�eld-�ow fractionation. Journal

of Chromatography A, 1218(27):4234�4239, 2011.



198

[163] B. Schmidt, K. Loeschner, N. Hadrup, A. Mortensen, J. J. Sloth, C. Ben-

der Koch, and E. H. Larsen. Characterization of gold nanoparticles by �eld-

�ow fractionation coupled online with light scattering detection and induc-

tively coupled plasma mass spectrometry. Analytical Chemistry, 83(7):2461�

2468, 2011.

[164] T. Bundschuh, T. U. Wagner, and R. Kaester. Laser-induced breakdown

detection (libd) for the highly sensitive quanti�cation of aquatic colloids.

part ii: Experimental setup of libd and applications. Particle & Particle

Systems Characterization, 22(3):181�191, 2005.

[165] J. Hyun Park and S. C. Jana. The relationship between nano-and micro-

structures and mechanical properties in pmma-epoxy-nanoclay composites.

Polymer, 44(7):2091�2100, 2003.

[166] D. R. Dillon, K. K. Tenneti, C. Y. Li, F. K. Ko, I. Sic, and B. S. Hsiao. On

the structure and morphology of polyvinylidene �uoride-nanoclay nanocom-

posites. Polymer, 47(5):1678�1688, 2006.

[167] T. Widy and C. W. Macosko. Nanoclay-modi�ed rigid polyurethane foam.

Journal of Macromolecular Science: Physics, 44(6):897�908, 2005.

[168] J. Njuguna, K. Pielichowski, and S. Desai. Nano�ller-reinforced polymer

nanocomposites. Polymers for Advanced Technologies, 19(8):947�959, 2008.

[169] K. Sterky, H. Jacobsen, I. Jakubowicz, N. Yarahmadi, and T. Hjertberg.

In�uence of processing technique on morphology and mechanical properties

of pvc nanocomposites. European Polymer Journal, 2010(6):1203�1209, 46.

[170] K. Iqbal, S.-U. Khan, A. Munir, and J.-K. Kim. Impact damage resistance of

cfrp with nanoclay�lled epoxy matrix. Composites Science and Technology,

69(11-12):1949�1957, 2009.



199

[171] B. John, C. P. Reghunadhan Nair, and K. N. Ninan. E�ect of nanoclay on

the mechanical, dynamic mechanical and thermal properties of cyanate ester

syntactic foams. Materials Science and Engineering: A, 527(21-22):5435�

5443, 2010.

[172] K. Do, H. Yuvaraj, M. Woo, H. Kim, E. Jeong, K. Johnston, and K. Lim.

Synthesis of polystyrene/sio2 composite microparticles by dispersion poly-

merization in supercritical �uid. Colloid & Polymer Science, 286(11):1343�

1348, 2008.

[173] P. Bhardwaj, S. Singh, V. Singh, S. Aggarwal, and U. K. Mandal. Nanosize

polyacrylamide/sio2 composites by inverse microemulsion polymerization.

International Journal of Polymeric Materials, 57(4):404�416, 2008.

[174] F. Tardif, M. Malarde, L. Golanski, A. Guiot, and M. Pras. Nanotechnology

2011: Advanced Materials, CNTs, Particles, Films and Composites, chap-

ter Chapter 5: Composite Materials, pages 495�498. Proceedings of the

nanotech 2011 conference, Boston, 2011.

[175] F. Zoukrami, N. Haddaoui, C. Vanzeveren, M. Sclavons, and J. Devaux. Ef-

fect of compatibilizer on the dispersion of untreated silica in a polypropylene

matrix. Polymer International, 57(5):756�763, 2008.

[176] S. C Tjong and S. P. Bao. Impact fracture toughness of

polyamide-6/montmorillonite nanocomposites toughened with a maleated

styrene/ethylene butylene/styrene elastomer. Journal of Polymer Science

Part B: Polymer Physics, 43(5):585�595, 2005.

[177] K. Wang, L. Chen, J. Wu, M. L. Toh, C. He, and A. F. Yee. Epoxy nanocom-

posites with highly exfoliated clay: Mechanical properties and fracture mech-

anisms. Macromolecules, 38(3):788�800, 2005.



200

[178] H. Mahfuz, M. F. Uddin, V. K. Rangari, M. C. Saha, S. Zainuddin, and

S. Jeelani. High strain rate response of sandwich composites with nanophased

cores. Applied Composite Materials, 12(3-4):193�211, 2005.

[179] M. C. Saha, E. Kabir, and S. Jeelani. Study of debond fracture toughness of

sandwich composites with nanophased core. Materials Letters, 62(4-5):567�

570, 2008.

[180] J. Njuguna, S. Michalowski, K. Pielichowski, K. Kayvantash, and A. C.

Walton. Fabrication, characterization and low-velocity impact testing of

hybrid sandwich composites with polyurethane/layered silicate foam cores.

Polymer Composites, 32(1):6�13, 2011.

[181] T. Widya and C. W. Macosko. Nanoclay modi�ed rigid polyurethane foam.

Journal of Macromolecular Science, Part B, 44(6):897�908, 2005.

[182] G. Harikrishnan, Umasankar Patro, T., and D. V. Khakhar. Polyurethane

foam-clay nanocomposites: Nanoclays as cell openers. Industrial & Engi-

neering Chemistry Research, 45(21):7126�7134, 2006.

[183] M. A. Bhuiyan, M. V. Hosur, and S. Jeelani. Low-velocity impact response

of sandwich composites with nanophased foam core and biaxial formula not

shown braided face sheets. Composites Part B, 40(6):561�571, 2009.

[184] J. Njuguna. The application of energy absorbing structures on side im-

pact protection systems. International Journal of Computer Applications in

Technology, 40(4):280�287, 2011.

[185] J. Njuguna, S. Michalowski, K. Pielichowski, K. Kayvantash, and A. C.

Walton. Improved car crash protection. Plastic Research Online, Society of

Plastic Engineers, 10(1):1�3, 2010.



201

[186] J. Park and S. C. Jana. Mechanism of exfoliation of nanoclay particles in

epox-clay nanocomposites. Macromolecules, 36(8):2758�2768, 2003.

[187] J. Park and S. C. Jana. E�ect of plasticization of epoxy networks by organic

modi�er on exfoliation of nanoclay. Macromolecules, 36(22):8391�8397, 2003.

[188] J. Park and C. J Sadhan. Adverse e�ects of thermal dissociation of alkyl

ammonium ions on nanoclay exfoliation in epox-clay systems. Polymer,

45(22):7673�7679, 2004.

[189] L. J. Lee, C. Zeng, X. Cao, X. Han, J. Shen, and G. Xu. Polymer nanocom-

posite foams. Composites Science and Technology, 65(15-16):2344�2363,

2005.

[190] C. B. Park, A. H. Behravesh, and R. D. Venter. A strategy for the suppression

of cell coalescence in the extrusion of microcellular high-impact polystyrene

foams. ACS Symposium Series, 669(8):115�129, 1997.

[191] C. Zeng. Polymer nanocomposites: synthesis, structure and processing. PhD

thesis, The Ohio State University, 2003.

[192] C. Zeng, X. Han, L. J. Lee, K. W. Koelling, and D. L. Tomasko. Polymer/clay

nanocomposite foams prepared using carbon dioxide. Advanced Materials,

15(20):1743�1747, 2003.

[193] X. Han, C. Zeng, L. J. Lee, K. W. Koelling, and D. L. Tomasko. Extru-

sion of polystyrene nanocomposite foams with supercritical co2. Polymer

Engineering & Science, 43(6):1261�1275, 2003.

[194] M. Okamoto, P. H. Nam, P. Maiti, T. Kotaka, T. Nakayama, M. Takada,

M. Ohshima, A. Usuki, N. Hasegawa, and H. Okamoto. Biaxial �ow-induced

alignment of silicate layers in polypropylene/clay nanocomposite foam. Nano

Letters, 1(9):503�505, 2001.



202

[195] T. L. Wang and T. H. Hsieh. E�ect of polyol structure and molecular weight

on the thermal stability of segmented poly(urethaneureas). Polymer Degra-

dation and Stability, 55(1):95�102, 1997.

[196] J. Ferguson and Z. Petrovic. Thermal stability of segmented polyurethanes.

European Polymer Journal, 12(3):177�181, 1976.

[197] J. T. Koberstein, I. Gancarz, and T. C. Clarke. The e�ects of morpholog-

ical transitions on hydrogen bonding in polyurethanes: Preliminary results

of simultaneous dsc-ftir experiments. Journal of Polymer Science Part B:

Polymer Physics, 24(11):2487�2498, 1986.

[198] X. Cao, L. J. Lee, T. Widya, and C. Macosko. Polyurethane/clay nanocom-

posites foams: processing, structure and properties. Polymer, 46(3):775�783,

2005.

[199] V. Songmene, B. Balout, and J. Masounave. Clean machining: Experimental

investigation on dust formation: Part i. International Journal of Environ-

mentally Conscious Design & Manufacturing (ECDM), 14(1):1�16, 2008.

[200] J. Kouam, V. Songmene, A. Djebara, and R. Khettabi. E�ect of friction

testing of metals on particle emission. Journal of Materials Engineering and

Performance, 21(6):1�8, 2011.



Achievements

Journal papers

1. S. Sachse, F. Silvia, H. Zhu, K Pielichowski, J. Njuguna, A. Irfan, A. Leszczyn-

ska, V. Ermini, M. Blazquez and O. Kuzmenko. Physical characteristics of

nanoparticles emitted during drilling of silica based polyamide 6 nanocom-

posites. IOP Materials Science and Engineering, 40, 012012, 2012

2. S. Sachse, F. Silvia, H. Zhu, K Pielichowski, J. Njuguna, A. Irfan, A. Leszczyn-

ska, V. Ermini, M. Blazquez and O. Kuzmenko. The e�ect of nanoclay on

dust generation during drilling of polyamide 6 nanocomposites. Journal of

Nanomaterials, Volume 2012, Article ID 189386, 8, 2012

3. S. Sachse, A. Irfan, H. Zhu and J. Njuguna. Morphology studies of nanodust

generated from polyurethane/nanoclay nanofoams following mechanical frac-

ture. Journal of Nanostructured Polymers and Nanocomposites, 7, 5-9, 2011

4. J. Njuguna, S. Sachse, I. Adeel H. Zhu, S. Michalowski, and K. Pielichowski.

Mechanical Loading at Low Velocity Impacts: A Case Study on Structural

Polyurethane Nanoreinforced Foams. Modern Polymeric Materials for En-

vironmental Applications, 4, 247-254, 2010



204

Conference papers/presentations

1. S. Sachse, F. Silva, K. Pielichowski, A. Leszczynska and J. Njuguna. Com-

pression strength and low-velocity impact performance of nanocored sand-

wich composites. International Conference on Mechanics of Nano, Micro

and Macro Composite Structures, Politecnico di Torino, Italy, 18-20th June

2012

2. S. Sachse, F. Silva and J. Njuguna. Mechanical properties and impact-energy

absorption of injection moulded nanocomposite structures. European Con-

ference on Composite Materials - ECCM15, Venice,Italy, 24-28th June 2012.

3. A. Irfan, S. Sachse, J. Njuguna, and H. Zhu. In vitro assessment and charac-

terization of silica nanoparticles toxicity in human lung A549 cells. Nanofor-

mulation 2012: Safety and Health E�ects of Nanoscale Materials -Towards

Sustainable Safe Nanomaterials, Barcelona, Spain, 28th May - 1st June

2012.

4. J. Rose, M. Au�an, P. Chaurand, J. Labille, D. Borschneck, A. Masion,

H. Miche, C. Geantet, E. Puzenat, P. Afanasiev, E. Lecelrc, J. Garric, F.

Manuela, B. Vollat, P. Noury, K. Abbaci, K. Pielichowskiaze, A. Leszczynska,

S. Michalowski, J. Njuguna, S. Sachse and J. Y. Bottero. Environmental

exposure to Nanomaterials and their by-products through their life cycle

NANOLCA 2012: Safety issues and regulatory challenges of nanomaterials,

San Sebastián, Spain, 3rd-4th May 2012.

5. J. Njuguna and S. Sachse. Nanoscale dust particles released from polyamide

nanocomposites. NanoSustain LCA Training Workshop, Bremen, Germany,

26-27th September 2011.

6. S. Sachse, A. Irfan, S. Michaªowski, K. Pielichowski, O. Kazmina, V. Er-

mini, H. Zhu and J. Njuguna. The e�ect of nano�ller during machining of



205

high performance nano-reinforced polymer composites. European Congress

and Exhibition on Advanced Materials and Processes - EUROMAT 2011,

Montpellier, France, 12-15th September 2011.

7. J. Rose, M. Au�an, P. Chaurand, J. Labille, D. Borschneck, A. Masion, H.

Miche, C. Botta, C. Geantet, E. Puzenat, P. Afanasiev, E. Lecelrc, J. Garric,

F. Manuela, B. Vollat, P. Noury, K. Abbaci, K. Pielichowski, A. Leszczynska,

S. Michalowski, J. Njuguna, S. Sachse and J.Y. Bottero. Environmental

exposure to Nanomaterials and their by-products through their life cycle.

Goldschmidt 2011, Prague, Czech Republic, 14-19th August 2011.

8. J. Rose, M. Au�an, P. Chaurand, J. Labille, D. Borschneck, A. Masion,

H. Miche; C. Geantet, E. Puzenat, P. Afanasiev, E. Lecelrc, J. Garric, F.

Manuela, B. Vollat; P. Noury, K. Abbaci, K. Pielichowskiaze, A. Leszczynska,

S. Michalowski, J. Njuguna, S. Sachse and J.Y. Bottero. Ageing and Toxicity

of real NM in aquatic environment. Joint JRC Nano Event and 2nd ENPRA

Workshop, Somma Lombardo, 10-12th May 2011

9. J. Njuguna, S. Sachse, F. Silva, A. Irfan, S. Michaªowski, K. Pielichowski, O.

Kazmina, V. Ermini, H. Zhu and M. Blázquez. Investigations into nanopar-

ticles generatedfrom nano�ller reinforced polymer nanocomposites during

structural testing, Safety issues of nanomaterials along their life cycle. Sym-

posium at LEITAT Technological Center, Barcelona (Spain). 4-5th May 2011

10. S. Sachse, J. Njuguna, A. Ifran, H. Zhu. Mechanical fracture of polyurethane

nanocomposites: generation and characterization of nanoparticles. NEPHH -

1st International Workshop Industry and nanomaterials: Bene�ts and risks,

Milano, Italy, 18th November 2010



206

Conference posters

1. S. Sachse, F. Silva, H. Zhu, A. Irfan, A. Leszczy«ska, K. Pielichowski, V. Er-

mini, M. Blazquez, O. Kuzmenko and J. Njuguna. Nano dust emission from

polyamide 6 nanocomposites: A case study on a mechanical drilling process.

NANOLCA 2012: Safety issues and regulatory challenges of nanomaterials,

San Sebastián, Spain, 3rd-4thMay 2012.

2. A. Irfan, S. Sachse, J. Njuguna and H. Zhu. In vitro analysis of nanopar-

ticles released from polyamide nanomaterial composites during drilling pro-

cess. 2011 Annual UK Review Meeting on Outdoor and Indoor Air Pollution

Research, Cran�eld, UK, 10-11th May 2011.

3. A. Irfan, S. Sachse, J. Njuguna and H. Zhu. Assessment of nanoparticle

release from nanoproducts and their toxicity potential in human lung A549

cells. 2011 Royal Society meeting, London, September 2011.

4. S. Sachse, J. Njuguna, A. Ifran, H. Zhu. Mechanical fracture of polyurethane

nanocomposites: generation and characterization of nanoparticles. NEPHH -

1st International Workshop Industry and nanomaterials: Bene�ts and risks,

Milano, Italy, 18th November 2010

5. S. Sachse, K. Kayvantash, H. Zhu and J. Njuguna. Development of a frame-

work for life cycle philosophy of nanoenhanced products, HiPer- Nano 2010:

Nano-enhanced Materials for Auto Aero, Cran�eld, 28th April 2010

6. A. Irfan, S. Sachse, J. Njuguna, K. Kayvantash and H. Zhu. In vitro hazard

identi�cation and characterization of manufactured nanoparticles throught

products life cycle, 2010 Annual UK Review Meeting on Outdoor Indoor Air

Pollution Research, Cran�eld, 13-14th April 2010

7. S. Sachse, J. Njuguna, F. Ansari, K. Kayvantash, H. Zhu. Characterisation



207

of engineering thermoplastic nanostructures released during mechanical frac-

ture of nano-enahanced products, 2nd The European Network on the Health

and Environmental Impact of Nanomaterials (NanoImpactNet) Conference,

Lausanne, Switzerland, 9-13th March 2010

Book Chapters

1. J. Njuguna, F. Silva and S. Sachse. Nanocomposites for Vehicle Structural

Applications. Nano�bers, ISBN 978-953-307-420-7

Conference proceedings

1. Editor: IOP Materials Science and Engineering, 2012, 40

2. Editor: Nanostruc2012 International Conference on Structural Nano-Composites-

Abstract Book, 2012

Work reports

1. F. Silva, J. Njuguna, S.Sachse, H. Zhu "D 3.7 Property-structure relation-

ships for glass �bre reinforced composites ", Cran�eld University report

CP-FP 228536- 2 for NANOMATERIALS RELATED ENVIRONMENTAL

POLLUTION AND HEALTH HAZARDS THROUGHOUT THEIR LIFE

CYCLE (NEPHH), March 2011

2. S. Sachse and J. Njuguna, "D 3.4 Dispersion maps for nanoparticles of dust

samples for di�erent nanoparticles and their compound; nanoparticle pres-

ence", Cran�eld University report CP-FP 228536-2 for NANOMATERIALS

RELATED ENVIRONMENTAL POLLUTION AND HEALTH HAZARDS

THROUGHOUT THEIR LIFE CYCLE (NEPHH), March 2011



208

3. S. Sachse and J. Njuguna, "D 3.3 Physico-chemical characteristics of dust

samples for di�erent nanocomposites and their compounds", Cran�eld Uni-

versity report CP-FP 228536-2 for NANOMATERIALS RELATED ENVI-

RONMENTAL POLLUTION AND HEALTH HAZARDS THROUGHOUT

THEIR LIFE CYCLE (NEPHH), March 2011

4. S. Sachse and J. Njuguna, "D 3.2 Collection of nanoscale dust particles ",

Cran�eld University report CP-FP 228536-2 for NANOMATERIALS RE-

LATED ENVIRONMENTAL POLLUTION ANDHEALTH HAZARDS THROUGH-

OUT THEIR LIFE CYCLE (NEPHH), March 2011

5. S. Sachse and J. Njuguna, "D 3.1 Fracture studies on macrostructural com-

posites", Cran�eld University report CP-FP 228536-2 for NANOMATERI-

ALS RELATED ENVIRONMENTAL POLLUTION AND HEALTH HAZ-

ARDS THROUGHOUT THEIR LIFE CYCLE (NEPHH), March 2011

6. S. Sachse and J. Njuguna, "D 2.6 Preparation of glass �bre reinforced com-

posite (GFRP) panels", Cran�eld University report CP-FP 228536-2 for

NANOMATERIALS RELATED ENVIRONMENTAL POLLUTION AND

HEALTH HAZARDS THROUGHOUT THEIR LIFE CYCLE (NEPHH),

March 2011

7. S. Sachse and J. Njuguna, "D 1.3 Sampling Protocol ", Cran�eld Uni-

versity report CP-FP 228536-2 for NANOMATERIALS RELATED ENVI-

RONMENTAL POLLUTION AND HEALTH HAZARDS THROUGHOUT

THEIR LIFE CYCLE (NEPHH), August 2010



Appendix A

Air monitoring instruments



210

Fast Mobility Particle SizerTM ( TSI, USA)  
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Scanning Mobility Particle Sizer (SMPS+C, Grimm Aerosol, Germany) 
 

  

 
 
 
 
 



212

Condensation Particle Counter (SMPS+C, Grimm Aerosol, Germany) 
 

 
 

 
 
 
 
 



213

ELPITM, Dekati Ltd. 
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TEOM® SERIES 1400A ( Thermo Fisher Scientific, USA) 
 

  
 

 



Appendix B

Extrusion and injection moulding

parameters

B.1 Recipes used for compounding of nanogranu-

lates

Table B.1 illustrates the recipes used for compounding of the �nal granulate for

injection moulding.

Table B.1: Recipes used for compounding of the �nal granulate for injection moulding

Name Granulate 1 Granulate 2 Macro�ller

PP-GF-nanoSiO2 2.2 kg PP+nanosilica 2.2kg PP+glass �bre 1 kg glass �bre

PP-GF-OMMT 2.4 kg PP+nanoclay 2.4 kg PP+glass �bre 1.1 kg glass �bre

PP-GF-microSiO2 2.5 kg PP+glass �bre 2.5 kg PP+glass
sphere

2 kg glass �bre

PA6-GF-nanoSiO2 2.8 kg PA+nanosilica 2.8 kg PA+glass �bre 1.3 kg glass �bre

PA6-GF-OMMT 2.0 kg PA+nanoclay 2.0 kg PA+glass �bre 0.9 kg glass �bre

PA6-GF-microSiO2 2.5 kg PA+glass �bre 2.5 kg PP+glass
sphere

2 kg glass �bre
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Extrusion paramenters for nanogranulates

Table B.2 shows the extrusion parameters for the compounding PP and PA6

composites.

Table B.2: Extrusion parameter

PP Composites PA6 composites

Screw speed (rpm) 400 400

Pressure (bar) 30 - 35 35 - 40

Temperature (◦C) 285 - 290 203 - 205

Extruder e�ciency
(%)

61 - 65 42 - 43

Vacuum (mbar) yes yes

Take-o� speed
(m/min)

30 45

Side-feeder (rpm) 400 400

Figure B.1 represents the Temperatures in the di�erent barrier zones during

compounding of PP and PA6 composites.
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Figure B.1: Extrusion Temperature in di�erent Zones

B.2 Injection moulding paramenters

Table B.3 shows the injection moulding parameters of crash cones on a Ferromatik

K110 moulding machine with a closing pressure of 1100kN. Injection moulding

parameters for the tensile bars can be found in B.4. Tensile bars were injected on

a Engel ES200/60 HL ST injection moulding machine, with a closing pressure of

600kN.
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Appendix C

EDX results

Figure C.1 and C.1 shows the EDX analysis for the injected moulded nanocom-

posites.
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(a) PP-GF-nanoSiO2

(b) PP-GF-OMMT

(c) PP-GF-microSiO2

Figure C.1: EDX analysis of PP based nanocomposites
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(a) PA6-GF-nanoSiO2

(b) PA6-GF-OMMT

(c) PA6-GF-microSiO2

Figure C.2: EDX analysis of PA6based nanocomposites
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Appendix D

Injection moulding plates

Table D.1 shows the injection moulding parameters for plates on a Ferromatik

K110 moulding machine with a closing pressure of 1100kN.
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Table D.1: Injection moulding parameter for tensile bars

PP-GF PA6-GF
Parameter Unit

Pre- Drying no yes
Drying temperature ◦C 90
Drying time h 4
Temperature
Feed ◦C 60 60
Zone4 ◦C 210 240
Zone3 ◦C 220 250
Zone2 ◦C 230 260
Zone1 ◦C 240 270
Injector ◦C 250 270
Tool temperature ◦C 40 65
Metered volume cm3 110 110
Metering length mm 100 100
Rotation speed 1/min 236 236
Back pressure bar 50 35
Cooling time s 40 30
Injection pressure bar 221 520
Injection �ow rate cm3/s 100 60
Injection time s 1,62 2,68
Switchover point cm3 30 30
After-pressure bar 280 480
After-pressure time s 10 4
After-pressure velocity cm3/s 150 50
Pad cm3 3 1
Screw diameter mm 45 45
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EXECUTIVE SUMMARY 

NEPHH (Nanomaterial Related Enviormental Pollution and Health Hazard Throughout their 

Life cycle) Project deals with the toxicological impact of nanoparticles on human health and 

the Environment at different life stages of nano-enhanced products. This sampling protocol 

therefore, deals with nanoparticles released from nano-enhanced macro-scale structures 

from mechanical loading processess (crash, drilling, milling and abrasion) on 

polypropylenes, polyamides and polyurethane nanocomposites.  

Silica based nanofillers have been used to form the nano-reinforced structures covered on 

this sampling protocol. The pristine polymers and polymer nanocomposites are primarily 

manufactured in controlled laboratory scale. A set of polypropylene and polyamide 

nanocomposites are also manufactured from industrial scale dispersions. The various 

samples are then be used to manufacture nano-reinforced structures through injection 

moulding process. 

The procedure for production, collecting test samples from industirial scale dispersion, 

samples generated from macroscale nano-reinforced structures and those followed by 

leaching tests is presented. Given the importance of the samples and unknown risks 

associated with these, special procedures have been developed covering the samples 

identification, maintenance and storage, as well as samples transfer to Project partners’ 

laboratories for further toxicitity and eco-toxicity investigations.  

Series of experiments have been conducted to evaluate and perfect the samples collection 

and handling procedures. It stems from the fact that generation and handling of 

nanoparticles released in mechanical loadings is critical to the quality of the toxicity 

samples. Mechanical performance and morphology investigations have been conducted to 

allow successful particles generation and collection to happen. The generated particles 

from mechanical loadings are supplied to Project partners in suspension form. A critical 

discussion regarding measurement of airborne samples, defficiency in current state-of-the-

art equipment and development of the crash chamber for generation of nanoparticles is 

presented to provide insight on present limitations of the sampling procedures.  

It is envisaged the present protocol is enriched in the execution of NEPHH, as ongoing 

investigations bring new light to the methodologies to be envisaged. 
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ACRONYMS LIST 

APS  Aerodynamic Particle Sizer;  

CPC  Condensation Particle Counter;  

ELPI  Electrical Low Pressure Impactor;  

FMPS  Fast Mobility Particle Sizer;  

SMPS  Scanning Mobility Particle Sizer;  

TEOM  Tapered Element Oscillating Microbalance 
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 INTRODUCTION 1.

The purpose of this protocol is to establish standard procedures for the production, 

sampling, collection and characterisation of the samples that will be evaluated in the 

execution of the NEPHH Project.  

Such samples include: 

 Residues and nanoresidues containing engineered nanoparticles which are released 

during the physical processing of the engineered nanocomposites (nanomaterials) that 

will be produced in WP2 (including Drop Weight Impact Testing).  

 Residues and nanoresidues containing engineered nanoparticles released during 

accelerated ageing processes (leaching experiments) conducted on the samples 

obtained from WP2 and WP3. 

 Industrial materials will complete the set of samples to be evaluated from industrial 

scale dispersion tests. 

For the purpose of this protocol some definitions are given [1; 2; 3]:  

 “Nanoparticles” are defined as engineered particles materials with one of their 

dimension as diameter between 1- 100 nanometers. 

 “Engineered nanoparticles” are defined as dispersible particles having two or three 

dimensions greater than 1 nm and less than about 100 nm that make use of properties 

unique to nanoscale forms of materials. l 

 “Nanocomposite” surface modification of engineered nanoparticles to help 

incorporation of nanocomposite within nanomaterials. 

 “Polymer Nanocomposite” (PNC) is a two-phase material where one of the phases has 

at least one dimension in the nanometre range. 

 “Nanomaterials” any material incorporating nanocomposite and/or engineered 

nanoparticles. 

 Aerosol - a material that, while not gaseous itself, remains suspended in air for 

prolonged periods. Typical examples include dust, and fine-droplet liquid paint or 

hairspray. Nanoparticulate matter - a collection of particles with at least one dimension 

smaller than 1 micron yet larger than atoms and molecules. 

 Aggregate/aggregation - Material that is composed of a large number of small 

components which have come together as clusters, usually with branching, porous 

shares. Aggregation is the process whereby the many small components form clusters, 

and can be driven by gravity or other forces. 
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 MATERIALS AND METHODS 2.

As matrix material, three different kind of thermoplastic will be utilised: polyamide, 

polypropylene and polyurethane. In various manufacturing processes four different 

nanoparticle types: nanosilica, layered nanosilicates, glass-nano-fibres and foam-glass-

crystal-materials will be integrated into the thermoplastic matrix. Hence, 12 different 

engineered thermoplastic nanostructures (containing 5 wt.% different nanofiller) will be 

investigated and also 3 reference samples of virgin thermoplastic polymers (polyamdes, 

polypropylenes and polyurethanes).  

2.1. Nanocomposites fabrication 

Initial selection among different types of polyamides and polypropylenes was made on the 

basis of melt flow index value and mechanical properties as required (See NEPHH Project 

Deliverables 2.1-2.4). Based on those criteria polypropylene (PP) Moplen HP500J from Basell 

Polyolefins (melt volume flow rate 4.3 g/10 min (230°C/2.16 kg), tensile modulus 1500 

MPa, tensile stress at yield 34 MPa and Charpy notched impact strength 4 kJ/m2 (23°C)) and 

Polyamide 6 (PA-6) Tarnamid T-30 (melt volume flow rate 25.0 g/10 min (275°C/5.0 kg), 

tensile modulus 1100 MPa, tensile stress at yield 28 MPa and Charpy notched impact 

strength 5 kJ/m2 (23°C))  were chosen as appropriate polymeric matrices. Moplen HP500J is 

a PP homopolymer with good stiffness in addition to good processability, suitable for 

compounding, whereby Tarnamid T-30 is PA-6 high quality engineering thermoplastic 

polymer fabricated in the process of -aminocaprolactam polycondensation. It shows high 

mechanical strength and high chemical/thermal resistance.   

Polyurethane foam (PU) was synthesized (after a set of optimization experiments) in a three-

step process – first, to polyol (polyether RF-551) catalyst (N,N-dimethyl cyclohexylamine), 

water and surfactant (SR-321, Union Carbide, Marietta, GA) were added in order to prepare 

the polyol premix (component A). In the next step, n-pentane as a physical blowing agent 

was added to component A. In the third step component B (polymeric 4,4’-diphenylmethane 

diisocyanate (PM 200)) was added to component A and the mixture was stirred for 10 

seconds with an overhead stirrer. Finally, the prepared mixtures were dropped into a 

mould. All the experiments were performed at ambient temperature of ca. 20°C.  

Foam-glass crystal material (FGC) is nanostructured foamglass with improved strength 

properties. The given effect is provided by formation of crystal particles of no more than 

100 nanometers in size. FGC is produced by heat processing of amorphous matri  (    -

     C) which includes crystalline phase of SiO2 numbering from 5 to 15 mass % 

(maximum) of no more than 1 micron in size. FGC is a light, opaque cellular material. It is 

an ecologically safe heat-insulation material. It is characterised by low thermal conductivity, 

high solidity, ecological safety, durability (even in aggressive medium), nonflammability, 

and convenient use in constructing. 

2.2. Characterisation and testing equipment 

All the low impact tests will be conducted using a Rosand instrumented falling weight 

impact tester Type 5. The drop weight device was equipped with data acquisition system to 

acquire force versus time data. Impact energy and velocity can be varied by changing the 

mass and height of the dropping weight. The velocity of the falling drop mass is measured 

just before it strikes the specimen. It is also fitted with pneumatic rebound brake which 

prevents multiple impacts on the specimen. During the testing, the specimen is held in the 

fixture placed at the bottom of the drop tower which provided a clamped support span. The 

weight of the cross-head is maintained at a specific value and it is guided through two 
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frictionless guide columns. The impactor end of the drop mass is fitted with an impact load 

sensor to record the transient response of the specimens. To carry out the impact tests, 

test samples are placed in a specially dedicated chamber between the clamps and the 

height was adjusted depending on the desired energy level. The impactor have 30 mm 

diameter flat tip. The transient force signal obtained during the test is measured using a 

piezoelectric load cell located above the impactor tip and was routed through an amplifier 

and logged against a time-base. 

Other mechanical means for particle generation such as milling, sawing and machining will 

all be conducted using the same specially dedicated chamber. 

The particles generated from macroscale structures are classified into two categories: 

- The first category deals with the airborne particles which will be measured by Scanning 

Mobility Particle Sizer (SMPS) and will be collected by and Electrostatic Precipitator (ESP). The 

SMPS measures the particle number size distribution while the ESP collects the airborne 

particles on a sampling tray. The collected particles will be used for further optical 

investigations via Scanning Electron Microscopy (SEM) and Transmission Electron 

Microscopy (TEM).  

- The second category deals with samples obtained from fracture and contained in the 

crash chamber. Those samples will be diluted in dionised water and via several filtration 

processes separated in size fractions. Characterisation of these samples will occur via 

optical Microscopy (SEM, TEM), X-Ray Diffraction (XRD), Energy Dispersive X-Ray 

Spectroscopy (EDX) and Dynamic Light Scattering (DLS). 
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 DESCRIPTION OF THE ACTIVITIES CARRIED OUT 3.

In the course of the NEPHH Project a number of partners will deal with with a number of 

samples from different origins; it is therefore relevant to build a up a standard and agreed 

procedure for the correct management and handling of the samples available. 

3.1. Development of procedure for samples production 

The selected procedures for samples collected from (i) mechanical fracture tests, (ii) 

accelerated ageing process and (iii) industrial origin (industrial scale dispersion testing) are 

presented here in.  

3.2. Development of procedure for samples maintenance and 
storage 

Specific procedures for samples maintenance and storage have been defined according to 

the testing methodologies that will be implemented in the execution of the Project for the 

evaluation of human health and environmental impacts. 

3.3. Development of procedure for samples characterisation 

Hazard, the material's inherent potential to cause adverse effects, is based on the chemical 

and physical properties of the molecule in question, be it conventional or nano-object.  

It is established that nanomaterials exhibit properties and behaviour that can be very 

different compared to the bulk-scale materials of the same chemical identity. Knowledge of 

size, shape and surface-related properties has been used to account for many of the 

observed differences. It is widely acknowledged that adequate characterisation of a 

nanomaterial is necessary to accompany any toxicity study. 

For hazard identification, the material to be tested should be the most relevant form 

when exposure occurs. This form may change during the life cycle of the material being 

tested and it may therefore be necessary to repeate tests on these differnte forms to 

characterize risks adequately. When the material is produced by a manufacturer, then sent 

to another manufacturer to be incorporated into another material and then released to the 

market (as in Polymer Nanocomposites) hazards arisen from the processing of secondary 

and tertiary materials should be addressed.  

Additionally, it shall be remarked that the physico-chemical characteristics of nanomaterials 

tend to change in time and depending on the environmental conditions, and therefore the 

need of characterisation at different experimental stages. 

For the development of present procedure, the most relevant parameters for the 

characterisation of the samples have been agreed and selected in order to perform such 

evaluations at two different stages:  

 - When samples are obtained and/or produced, so that conditions of origin are determined. 

- When samples are received (from those partners producing them): in order to verify and 

contrast if any potential modification has occurred during transportation. 

In present activity relevant international standards have been reviewed, including OECD 

Standards and ISO TC 229/SC – Nanotechnologies – Guidance on physico-chemical 

characterization for manufactured nano-objects submitted for toxicological testing. 

Additionally, reports and main outcomes arisen from other European FP7 Projects 
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(Engineered Nanoparticles: Review of Health Environmental Safety – ENRHES) have been 

annalyzed.  

3.4. Development of procedure for samples identification - labelling 

A specific procedure for samples labelling has been designed according to the type and 

number of samples that will be produced in the execution of the Project. Due to the elevate 

number of samples that will be evaluated, developed procedure includes a codification 

system for each type of sample in order to trace back the origin of such specific sample.  

3.5. Development of procedure for samples transferring  

Procedures for samples transferring from one partner to another have been developed 

trying to ensure the most effective and safe way also assuring that the properties of the 

samples are maintained during transportation. 

3.6. Additional relevant remarks 

In present section some remarks on safety procedures for Partners dealing with NMS have 

been included. Note that this is just a very preliminary introduction and that Guidance 

Notes on NMs safe handling will be envisaged in the later execution of the Project. 
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 SAMPLING PROCEDURES 4.

4.1. Procedures for samples production 

The classification of the different groups of samples to investigate could be made as 

follows: 

 Samples from industrial origin as obtained from industrial scale dispersion 

tests and providers of bulk materials in their commercial forms.  

 Samples generated from macroscale nano-reinforced structures. 

 Samples generated from macroscale nano-reinforced structures followed by 

accelerated ageing processes. 

4.1.1.  Samples from industrial origin 

Within the NEPHH Project, VIBA will perform the dispersion tests at industrial scale, by 

processing the product on extrusion lines made up turbo-mixer, twin screw extruder and 

pelletizer system. 

The preparation of the mixture with turbo-mixer will be performed with the aim to optimize 

the homogenisation of the components of the recipe. The parameters that will have to be 

set up include the introduction sequence of the elements in the turbo-mixer, the mixing 

speed and time. Proper mixing stage, or a perfect homogenisation of the components, will 

be essential to warrant the effectiveness of the successive extrusion phase, especially 

concerning the nanoclays dispersion in the polymer matrix. 

The previously prepared compound will be fed to the twin screw extruder through a 

volumetric batcher. To obtain a good dispersion a correct configuration of the screws is 

essential. For each formulation it will be also necessary to define the correct extruder 

speed, the temperature profile in different parts of extruder, the optimal production rate. 

The extruder’s head is equipped with appropriate die plate through which the product will 

come out in the form of extrudate that, once solidified by cooling in water, will be brought 

to the third (granulation) stage of the process. 

The obtained extrudate, in fact, will be fed to a pelletizer where, through the appropriate 

blades, will be reduced to the form of cylinders of the desired size. 

From a preliminary analysis, each industrial dispersion test will be performed in around one 

week and the granules used to manufacture macroscale plaque samples for further used for 

crash studies. 

4.1.2.  Samples generated from macroscale nano-reinforced structures  

PA, PP and PU nanocomposites developed in Workpackage 2 will be used in crash tests.  

As previously mentioned, particles generated during drop tower impact testing can be 

classified into two categories:  

- The first category deals with the airborne particles which will be measured by 

Scanning Mobility Particle Sizer (SMPS) and will be collected by an Electrostatic 

Precipitator (ESP). The SMPS measures the particle number size distribution 

while the ESP collects the airborne particles on a sampling tray. The collected 

particles will be only used for microscopy investigations via Scanning Electron 
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Microscopy (SEM) and Transmission Electron Microscopy (TEM) and used as a 

reference for the particles in suspension.  

- The second category deals with samples obtained from fracture that settle at 

the bottom of the dust collection chamber. These samples will be diluted in 

solution dionised water and via several filtration processes separated in size 

fractions to acquire the particles size to <100 nm. Characterisation of these 

samples will follow via optical Microscopy (SEM, TEM), X-Ray Diffraction (XRD), 

Energy Dispersive X-Ray Spectroscopy (EDX) and Dynamic Light Scattering (DLS). 

Samples in suspension will be distributed to Project partners for 

toxicology and ecotoxicologies studies. 

To manage the quality of the samples, a specially designed crash chamber has been 

developped for this Project to collect the fractures or released nanoparticles during drop 

weight impact tests. The chamber was build of plexiglass. The lid is made of steel and the 

top opening is made of flexible PU foam, so that the striker can impact the specimen in free 

fall. The chamber has two opening, one for the cuppling with the measurement instruments 

(SMPS+C) and the other opening is for designed for easy extraction of the fracture dust 

particles. The chamber is designed for collection of the generated nanoparticles and 

moreover to prevent contamination from other sources.   

 

Figure 1 Crash chamber for nanodust collection during low-velocity impact tests 

The main outlines of the milling chamber are shown in Figure 2. A closed chamber can be 

entered by the drilling instrument via an elastically opening. Inside the chamber the sample 

is fixed by clamps on the ground and the top of the chamber. Additional an inlet for the 

measurement instrument can be found in the top part of the chamber,  
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Figure 2 Drilling chamber 

4.1.3. Samples generated from macroscale nano-reinforced structures 

followed by leaching tests 

Before and after the collection of residues from crash tests, parts of the samples will be 

tested under accelerated ageing protocols that reproduce the most realistically the 

conditions affecting residues while released in the environment. Indeed in addition to 

atmospheric exposure a significant fraction of potentially toxic small residues produced 

during crash tests ultimately become aquatic pollutants. More over, the quality of water 

resources, which may or may not be "contaminated" by nano-objects will be a major issue in 

the next few years. 

For all residues, accelerated weathering simulates damaging effects of long term outdoor 

exposure by exposing test samples to varying conditions of the most aggressive 

components of weathering i.e. : ultraviolet radiation, moisture, pH…. But also, the presence 

of cations like Na+, Ca2+ and anions SO42- and CO32- might modify surface properties. For 

many materials (i.e. glasses and paints) standardized protocols to reproduce weathering 

exist (ISO 4892 for glasses and ISO 16053/ISO 15181 for Coating materials for exterior 

wood). But none of them are considering released nano-residues from crash tests. For all 

residues a first series of aging procedure will consist in batch reactors following the next 

requirements: 

- Samples will be received in dionized water in suspension in DDW with an 

accurate determined concentration close to 10% in mass (if possible). 

- The suspensions will be diluted with Liquid/Solid ratio of 200, 500 and 5000. 

- The ionic strength will be varied from 10-4 to 10-1 and the pH from 3 to 9. 

- Duration of experiments will be varying up to 3 weeks. 

- For all batch experiments the effect of light will be controlled (Light 

reproducing the solar spectrum (400 W)). 
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For the second series of experiments samples are placed in a Climate Chamber (Suntest 

XLS-Atlas) and subjected to illumination and moistening cycles for 2 months. The leached 

nano-residues are recovered in the collected water using tangential filtration with 0.01µm 

filters.  

All residues recovered will be analyzed.  

4.2. Procedures for samples maintenance and storage 

A number of challenges are associated with the procedure of samples maintenance and 

storage, especially considering that such conditions will obviously have an influence in the 

results obtained via characterisation. For instance, nanomaterials physico-chemical 

properties in liquid suspensions tend to change with time and surrounding environment. 

Nanomaterials’ tendency to agglomerate and aggregate both in dry and solution media 

represents a significant challenge too. 

The usual considerations for storing chemicals will apply to nanomaterials, including 

avoiding extremes of temperature, sunlight, and moisture.  

Nanomaterials that are supplied as dry powders or dispersions should be stored so that 

they remain dry or under liquid respectively.  

Nanomaterials that are supplied in solutions should be stored taking into account the usual 

considerations above for any chemical, but also considering the reactivity of the material (if 

any). Once stock dispersions are prepared, and a full characterisation of the freshly 

prepared stock has been made including parameters as described in Section 4.3., additional 

checks should be done to confirm the shelf life of the material. Two key aspects need to be 

investigated:  

- Whether or not the nanomaterial gradually dissolves or transforms such that the 

solid material disappears.  

- Any temporal changes in the particle size distribution and surface charge in the 

stock dispersion.  

Both parameters above will be investigated by NEPHH Project Partner by the use of 

Techniques as a fast approach for the obtention of the data on shelf stability. A rapid alert 

system via email will be envisaged to communicate changes undergone.  

If changes occur, then protocols should be developed to restore the particle size 

distribution (e.g. re-sonicating the dispersion just before dosing in the case of aggregation). 

If the stock dispersion cannot be restored, it should be made fresh from the same batch 

number of the test material and re-characterised. If a different batch number of test 

material is used, then additional physicochemical characterisation will be required. 

As a consequence, the samples will be papered and delivered immediately after generation 

to avoid storage problems. All samples for the conduction of the leaching tests, toxicity and 

testing will be delivered in suspension inmediatelly after sampling.  

Stock solutions as delivered by CRAN should be storaged at 4ºC in order to prevent 

bacterial grouth. 

4.3. Procedures for samples characterization 

In the execution of the NEPHH Project two main characterisation steps are envisaged: 
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- Once the procedures for samples production have been completed. That is: 

samples obtained via physical processing and accelerated ageing processes will 

be characterised prior transferring them to the rest of the partners. 

- Once the samples have reached those partners that will be performing the tests 

required for the execution of the Project. The intention is to verify if samples 

have experienced any significant variation during transportation and storage 

and will also provide a basis for the comparison of the methodologies by both 

Partners involved (partner producing the sample and partner analyzing the 

sample). 

According to Oberdörster et al [4], there is a strong likelihood that biological activity of 

nanomaterials will depend on physicochemical parameters not routinely considered in 

toxicity screening studies.  

For the determination of the properties that should be characterised, a literature review has 

been conducted selecting the main physico-chemical parameters from a hazard assessment 

perspective.  

The list of documents that have been evaluated include: 

 Testing Programme of OECD Working Party on Manufactured Nanomaterials 

(OECD 2008). Note that list by OECD is a non-prioritised list.  

 ISO/PDTR 13014 – Note that this document is a working DRAFT. 

 Main parameters as described by EHNRES FP7 Project – Final Report 

 Oberdörster, G.; Maynard, A.; Donaldson, K.; Castranova, V.; Fitzpatrick, J.; 

Ausman, K.; Carter, J.; Karn, B.; Kreyling, W.; Lai, D.; Olin, S.; Monteiro-Riviere, 

N.; Warheit, D.; Yang, H. 2   , “Principles for Characterizing the Potential 

Human Health Effects from Exposure to Nanomaterials: Elements of a Screening 

Strategy”, Particle Fibre To icology, Oct 6; 2: .  

 Warheit, D.B., Borm, P.J.A., Hennes, C., Lademann, J. 2  7, “Testing Strategies 

to Establish the Safety of Nanomaterials: Conclusions of an ECETOC Workshop”, 

Inhalation Toxicology, vol. 19, pp. 631-643.  

 Proposed Minimum Characterization Parameters for Studies on Food and Food-

Related Nanomaterials 

http://characterizationmatters.org/2009/12/24/parameters-food/ 

Such parameters have been evaluated and prioritised in order to make a selection of the 

parameters that will be addressed in the execution of the NEPHH Project. Also, the recently 

published OECD Preliminary Guidance Notes on Samples Preparation and Dossimetry for 

the safety testing of Manufactured Nanomaterials (2010) has been evaluated. 

Characteristics to be evaluated are listed next. 
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OCDE – Testing Methods 

ISO/PDTR 13014 – Note 

that this document is a 

working DRAFT 

Main parameters as 

described by EHNRES 

FP7 Project – Final 

Report 

Oberdöster et al 2005 Warheit et al. 2007 

Minimum information 

for NMs 

Characterisation 

Initiative 

## 

Agglomeration/aggregation 

Agglomeration/aggregation 

state 
Aggregation state Agglomeration state  

Agglomeration and/or 

Aggregation 

## Water Solubility Solubility   Dissolution  

## Crystalline phase  Crystal structure (1) Crystal structure (1)  
Crystal structure / 

Crystallinity (1) 

## Dustiness      

## Crystallite size  Crystal structure (2) Crystal structure (2)  
Crystal structure / 

Crystallinity (2) 

## Representative TEM 

picture(s) 
Shape & Size  Shape & Size  Shape & Size Shape & Size Shape & Size 

## Particle Size Distribution Particle Size Distribution 
Particle Size 

Distribution 

Particle Size 

Distribution 

Particle Size 

Distribution 

Particle Size 

Distribution 

## Specific surface area Specific surface area Surface area Surface area Surface area  Surface area 

## Zeta potential (Surface 

charge) 
Surface charge Surface charge Surface charge  Surface charge 

## Surface chemistry (Where 

appropiate) 
Surface chemistry  Surface chemistry  

Surface chemistry – 

Including composition 

& reactivity 

## Photocatalytic activity      
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OCDE – Testing Methods 

ISO/PDTR 13014 – Note 

that this document is a 

working DRAFT 

Main parameters as 

described by EHNRES 

FP7 Project – Final 

Report 

Oberdöster et al 2005 Warheit et al. 2007 

Minimum information 

for NMs 

Characterisation 

Initiative 

## Pour density      

## Porosity   Porosity   

## Octanol-water partition 

coefficient (Where relevant) 
     

## Redox potential      

## Radical formation 

potential 
     

 Composition Chemical Composition Chemical Composition Composition 
Chemical Composition 

/ Purity 

  Number concentration    

Table 1: Main psicochemical characteristics. Literature review. 
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Additionally, and considering that samples to be evaluated will be produced and delivered 

as solutions a number of recommendations have been extracted from the PRELIMINARY 

GUIDANCE NOTES ON SAMPLE PREPARATION AND DOSSIMETRY FOR THE SAFETY TESTING 

OF MANUFACTURED NANOMATERIALS – By OECD 2010. 

The following would apply to stock dispersions to be evaluated on the course of NEPHH and 

arguably, this list could be common to human health and ecotoxicology studies: 

A) Physico Chemical Characteristics. Present set of characteristics is to be 

provided by NEPHH Partners delivering the Stock Solutions to be evaluated, 

namely CRAN. 

- Measured mean primary particle size and shape (for example by electron 

microscope). The method of particle size determination should be described 

and the character of the mean (number, volume, z- or intensity) must be given. 

If a certain given mean/average value is calculated from a primary data (e.g. 

volume average derived from dynamic light scattering z-average) the calculation 

procedure should be described.  

- Particle size distribution and indications of mono or polydispersity (e.g., by 

dynamic light scattering or similar optical method), or other attempt to 

describe aggregates, agglomerates or ranges of particle sizes in the stock 

dispersion, including distribution of primary particles. The methodology to 

derive this size distribution either must be standardised or must be described 

together with the applied procedures.  For DLS the solustion was sonicated for 

5 min at 35 kW. For nanosight no prelaminatory work was undertaken.  The 

method of dispersion (stirring, sonication) should be fully described 

(duration, stir speed, sonication power etc.)
1

. 

- Mass concentration (measured) in the stock dispersion (e.g., mg/l).  

- For some charged particles, surface charge may be critical to the 

agglomeration process and so the surface charge may be indirectly assessed via 

measurements of zeta potential. Since the deviation of the zeta-potential is a 

function of the ionic strength and composition of the dispersing medium, the 

conditions during determination should be standardised or reported. It would 

also be important to measure or fix other abiotic factors that might alter this, 

such as solution pH and ionic strength. 

- Any other measurement that is particularly relevant for a specific particle 

type, for example surface functionality. 

B) Chemical Description. Information on the test material is to be provided by 

NEPHH Partners involved in samples production, basically: LAVIOSA and CUT. 

Impurities, if observed should be reported too. 

Other Characterstics including specific surface area, surface chemistry and surface charge, 

crystal structure and interfacial tension have been disregarded due to the complexity of the 

samples produced and different types of particles contained on it. 

                                                

1

 It shal be noticed that the use of solvents or sonication to produce a homogeneous dispersion of 

nanoparticles at the beginning of toxicity tests may not reflect the behaviour of nanoparticles in the 

natural conditions in which it is possible that agglomerations predominate. However, the occurrence 

of agglomeration will inevitably change with dilution, and therefore could also change toxicity. 
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The Crash Test samples analysis of the SMPS+ is completed by downloading data and 

review of particle counts at various times and sizes. These samples and the samples 

obtained from the crash chamber suspension shall be sent to Cranfield University’s 

analytical lab and be prepared for SEM, TEM, XRD, EDX and dynamic light scattering (DLS). 

Analysis of the samples will yield airborne concentration, as well as morphology and 

chemical composition. Analysis of passive monitor will also provide information on 

morphology and chemical composition. The passive sampler can yield particle 

concentration and size distribution.   

In the case of the leaching experiments, all physical-chemical parameters of the solutions 

(pH, eH, salinity) will be registered from T0 to 3 weeks. The evolution of the size and 

surface properties of the residues will be determined using laser granulometer and 

FTIR/NMR respectively. As airborne residues, residues after leaching experiments will be 

prepared for electronic microscopy investigation. 

4.4. Procedures for samples identification - labelling 

Blind labels will be utilised. Information on bottle label be a “blank” sample coded e.g. as 

“1”, “2”, “3” etc. or alternatively as deemed necessary by the participating laboratories. Table 

2 shows the selection label codes that must be completed for the identification code 

established. In order to make the management of the information more feasible, samples 

description shall be indicated as a code. For instance:  

 MMT from Industrial Origin as Bulk Material: NP – IO – MMT 

 Polyurethane + Nanosilica Polymeric Samples, Obtained via fracture 

process: FP – LO – SiO2+PU 

Sample description 

 Bulk Material – 
Silicon Based 
Nanoparticles (NP) 

 Industrial Origin 
(IO) 

 Nanosilica – SiO2 

 Layered Silicates – MMT- 

 Glass NanoFibres - GNF 

 Foam-Glass Crystal Material - FGC 

 Laboratory Origin 
(LO) 

 Nanosilica – SiO2 

 Layered Silicates – MMT- 

 Glass NanoFibres - GNF 

 Foam-Glass Crystal Material - FGC 

 Sample 
Obtained via 
FRACTURE 
PROCESS (FP) 

 Industrial Origin 
(IO) 

 Nanosilica – SiO2+ PP 

 Nanosilica – SiO2+ PAs 

 Glass NanoFibres – GNF + PP 

 Glass NanoFibres – GNF + PAs 

 Laboratory Origin 
(LO) 

 Nanosilica – SiO2+ PP 

 Nanosilica – SiO2+ PAs 

 Nanosilica – SiO2+ PU 

 Layered Silicates -MMT+ PP 

 Layered Silicates -MMT + PAs 

 Layered Silicates -MMT + PU 

 Glass NanoFibres – GNF + PP 

 Glass NanoFibres – GNF + PAs 

 Glass NanoFibres – GNF + PU 

 Foam-Glass Crystal Material –FGC + PP 

 Foam-Glass Crystal Material –FGC + PAs 

 Foam-Glass Crystal Material –FGC + PU 

 Sample 
Obtained via 

 Industrial Origin 
(IO) 

 Nanosilica – SiO2+ PP 

 Nanosilica – SiO2+ PAs 
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ACCELERATED 
AGEING PROCESS 
(AP) 

 Glass NanoFibres – GNF + PP 

 Glass NanoFibres – GNF + PAs 

 Laboratory Origin 
(LO) 

 Nanosilica – SiO2+ PP 

 Nanosilica – SiO2+ PAs 

 Nanosilica – SiO2+ PU 

 Layered Silicates -MMT+ PP 

 Layered Silicates -MMT + PAs 

 Layered Silicates -MMT + PU 

 Glass NanoFibres – GNF + PP 

 Glass NanoFibres – GNF + PAs 

 Glass NanoFibres – GNF + PU 

 Foam-Glass Crystal Material –FGC + PP 

 Foam-Glass Crystal Material –FGC + PAs 

 Foam-Glass Crystal Material –FGC + PU 

Sample collection 
DATA 

Indicate DAY when sample was produced / collected /acquired. 

Sample Origin Indicate the PROJECT PARTNER that has produced / collected /acquired the sample 

Sample Preservative 
MEDIUM 

Indicate the sample preservative that has been used -if any-. 

Sample Reception 
DATA 

Only for those partners receiving samples to be analyzed: Indicate DAY when sample was 
RECEIVED. 

Table 2 Labels and samples identification codes 

4.5. Procedures for samples transfer 

In present section procedures for the safe and effective transferring of the samples and 

materials of study amongst NEPHH Project partners have been established.  

Existing protocols such as the Industrial Hygiene Sampling for Nanomaterials – by the 

Nanoscale Science Research Center-2 have been reviewed and found not aplicable for 

NEPHH Project. Therefore specific a specific procedure has been designed. 

A) SENDING THE MATERIALS THAT WILL BE ANNALYZED 

4.5.1.  Conditions of origin of the samples: particles in suspension 

Documents detailing the original status of the particles will accompany the samples. 

Since next variables have an influence on the status of the samples, they should be 

considered for transportation purposes. 

Sample Agitation and Correct Orientation of the primary recipient: Samples should not 

be agitated during transportation. Additionally, in order not to spill contents, recipients 

should always be in vertical position. Specific supports for primary recipients shall be used 

with this particular aim.  

Exposure to Light: Exposure to light must be avoided since many samples are photo 

sensible. 100 ml amber glass bottles will be used as primary recipients with this purpose. 

Transportation temperature: Carriers should assure that the temperature during 

transportation will be ambient.  

                                                

2

http://www.science.doe.gov/bes/DOE_NSRC_Approach_to_Nanomaterial_ESH.pdf 
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Transportation Time: Courier services to be used since transportation time should be as 

minimum as possible, in order to avoid potential modifications of the samples in the course 

of the transportation. 

4.5.2.  Packaging  

For samples in suspension amber glass bottles (also named primary containers, since they 

are in direct contact with the samples) should be tightly sealed to prevent leakage of 

nanomaterials.  

It should have a secondary seal, such as tape seal, or a wire tie to prevent a removable 

closure from inadvertently opening during transport.  

For what refers to powder samples plastic bags will be avoided and substituted by plastic 

tubes in order to minimize potential safety issues.  

Specially for samples in suspension, the outer package should be filled with shock 

absorbing material that can:  

- Protect the inner sample container(s) from damage.  

- Absorb liquids that might leak from the inner container(s) during normal events in 

transport.  

4.5.3.   Labeling for transporation  

The inner package should be labelled with the next data: 

- Caution: Nanomaterials sample consisting of (technical description here).  

- Contact (name of point of contact) at (contact number) in case of container breakage).  

If the nanomaterial is in the form of dry dispersible particles, the following line of text 

should be included:  

Nanoparticulates can exhibit unusual reactivity and toxicity. Avoid breathing dust, 

ingestion, and skin contact.  

Documentation and notifications for nanomaterials transferring should include a 

description prepared by researchers in the in the forwarding entity describing known 

properties and other properties that deem reasonably likely to be exhibited by samples 

transported.  

Additionally, a notification to receiving facility of the incoming shipment should be sent by 

the forwarding entity.  

4.5.4.  Modes of Transport  

All materials should be transported by a qualified carrier. Considering the countries of 

origin of NEPHH Partners, air transportation is envisaged, disregarding other media such as 

sea or terrestrial transportation (road / train). Previous experiences with EMS – Express Mail 

Service have pointed such company as a suitable carrier in terms of times for delivery, 

amongst other. 

As it has been previously mentioned, carrier must assure the maintenance of the 

temperature of the samples through all the transportation process. 
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Any incidence arisen during transportation should be documented and reported both to the 

samples forwarder as well as to the samples receptor. 

B) RECEPTION OF THE MATERIALS THAT WILL BE ANNALYZED 

The partner that is receiving the samples should proceed according to its internal 

organization procedures. Nonetheless, in order to assure a standard procedure and 

samples treatment upon reception by all Project Partners the major lines and actions to be 

undertaken following the reception of the samples have been listed here: 

The quality and stability of the samples should be assured from the moment of reception.  

The next data should be registered: 

- Identification of the sample – According to the procedure 6.4. that has been 

included in present document. This should be marked in the label of origin. 

- Transportation time. The exact date when samples have been produced 

should be registered in the label of origin. (Specific field in the Label – 

According to the procedure that has been specifically designed). Once samples 

have been received, the specific reception date should be registered. Time 

elapsed from sample acquisition / collection / production and reception will 

influence the acceptance or rejection of the sample. Additional information for 

acceptance/rejection will be obtained from the initial characterisation 

procedure as described in section 6.3. of present document (Procedures for 

samples characterisation). 

- Verification of the integrity of the sample (register if any accidental release 

during transportation has occurred, for instance). 

- Name of the Project Partner that has acquired /collected/produced the 

sample. 

- Name of the Project Partner that has received the sample (ideally the name 

of the person that has collected it should be indicated). 

4.6. Additional relevant considerations 

Present section consists of a very preliminary introduction to the safety practices that 

should be implemented at laboratory level for the handling of nanomaterials. 

4.6.1.  Samples utilisation waste labelling 

The product waste should be labelled in accordance with EC directives or respective 

national laws.  

4.6.2.  Disposal considerations 

Observe all federal, state, and local environmental regulations. Contact a licensed 

professional waste disposal service to dispose of this material. Dissolve or mix the material 

with a combustible solvent and burn in a chemical incinerator equipped with an afterburner 

and scrubber. 
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4.6.3.  Methods for cleaning 

Soak up with inert absorbent material and dispose of as hazardous waste. Keep in suitable, 

closed containers for disposal.  

4.6.4. Personal protective equipment 

Present section provides just a preliminary overview as investigation will be accomplished in 

the frame of present task. 

- Respiratory protection: Where Respiratory protection is desired, use multi-

purpose combination (US) or type ABEK (EN 14387) respirator cartridges. Use 

respirators and components tested and approved under appropriate 

government standards such as NIOSH (US) or CEN (EU). 

- Hand protection: For prolonged or repeated contact use protective gloves. 

- Eye protection: Safety glasses  

- Hygiene measures: General industrial hygiene practice. 
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