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BRIEFING No.21

CONSTRUCTION
NANOFILLERS - IMPROVING PERFORMANCE AND REDUCING COST

Fillers are one of the most common raw materials in the world with 50 million tonnes produced every
yearl. Fillers are mainly utilised to reduce the consumption of expensive binder material and to improve
the physical properties of the resulting composite material. They are widely used in paper, rubber, plas-
tics, adhesives & sealants, paints & coatings, and also in concrete. Today fillers are undergoing a para-
digm shift; their former primary function to lower the production costs is changing towards a distinct
tuning of material properties such as compression strength, processability, and flame retardancy. This is
especially true for ultra-fine grades or so called nanofillers which provide an improvement in properties
such as material reinforcement due to their larger surface area. In general, a smaller filler particle size
will have a greater impact on the material properties when the particles are properly dispersed. There-
fore, nanofillers may provide a route towards future material innovations, cost efficiency, and competi-
tiveness. This BRIEFING will discuss the purpose, uses and potential of a number of nanofillers before

examining the economic impacts and challenges facing their route to wider commercialisation.

Background

Nanofillers can be either small spherical particles
or rod shaped objects and flakes with at least one
critical dimension below 100nm. In general, the
properties of filler materials are determined
through particle size, particle geometry and chemi-
cal coatings, or functionalisation. Smaller particles
provide new functionalities such as control of
rheological properties, improved mechanical prop-
erties, an increased transparency or electrical con-
ductivity, or enhanced flame retardancy. They can
be also used to ensure the free flow of powders
and to prevent the settling of pigments. Fillers are
widely used in the construction sector in adhesives
and sealants, in paints and coatings, but also in
plastics, rubber and concrete.

Synthetic fillers are now gaining more importance;
they allow the production of smaller particle sizes
with controlled surface chemistry or tailored
chemical functionalisation. Ultra-fine grades or so
called nanofillers are under investigation. Besides
downsizing existing filler materials, completely
new technological approaches can also be ob-
served such as organic-inorganic hybrid materials
in polymers or nanotubes as reinforcing filler ma-
terial in concrete. However, the share of nanofill-
ers in today’s construction filler market is negligi-
ble. An example of well established nanofillers can
be found in another sector; carbon black filled
tyres for longer life and improved performance.

Particle Size

The filler particle size determines the “inner” or
specific surface area which is the potential contact
area between filler material and surrounding
binder matrix. Since nanomaterials tend to ag-
glomerate or may already occur in agglomerated
states, the resulting surface area is largely affected
by the degree of exfoliation and dispersion. Fully
exfoliated and perfectly dispersed nanofiller will

have the greatest effect on the physical properties.

A comparison between different particle sizes is
shown in Figure 1. The specific surface area is in-
creased 100-fold when going from 10um to 100nm
while keeping the theoretical volume or the filling
level constant.

filler
particle
matrix
Size: 10pum ¢ lum : 100nm
Number: 1 : 1000 ; 1 Mill.
Surface: 1x : 10x ; 100x

Figure 1: Different filler particle sizes at the same
filling level. Going from 10um to 100nm: a million
times more particles exhibit a 100-fold increased
inner surface area (adapted from ?).

Geometry

The particle geometry will also strongly influence
the properties of the nanocomposite material.
Elongated nanostructures such as carbon nano-
tubes exhibit high aspect ratios. Higher aspect ra-
tios will increase the reinforcing ability on the sur-
rounding matrix material. Therefore nanotubes or
other elongated nanofillers excel over spherical
particles in terms of reinforcement. Nanotubes can
be considered as (quasi-)one-dimensional filler
particles in terms of reinforcement. Similar nano-
materials are nanowhiskers®, nanorods, nanowires
and nanofibres which have also been reported as
nanoscopic reinforcing filler material for polymers.
Natural occurring representatives of a two dimen-
sional filler material are layered silicates or so
called nanoclays. The most widely used nanoclays
in material applications are so called montmorillo-
nites as flame retardant in polymers.
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A common approach is the production of three-
dimensional filler particles by either grinding, mill-
ing or precipitation techniques. In contrast, also
bottom-up approaches have been studied where
the filler material is incorporated as a building
block on the molecular level. This case can be re-
garded as zero-dimensional nanofillers. In this re-
gard inorganic-organic hybrid materials have been
investigated intensively. Figure 2 gives an overview
of the different filler particle geometries.

Tx

O-dimensional
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2-dimensional
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1-dimensional
e.g. Carbon Nanotube

Figure 2: Different filler particle geometries.

POSS molecules

Polyhedral oligomeric silsesquioxane (POSS) mole-
cules represent a comparatively new approach as a
building block for new nanocomposite materials.
The biggest advantage of using a molecular ap-
proach can be found in a true dispersion at the
nanometre level. POSS molecules can be used as
reinforcing filler in plastics to increase the me-
chanical strength. They are also relevant as abra-
sion protection in paints and coatings and as fire
retardant material in polymers.

Precipitated Calcium Carbonate (PCC)

Calcium carbonate (CaCO;) is by far the most
widely used filler material in the world, particularly
as a filler in paper and plastics. Traditionally, CaCO3
is mined from natural resources (limestone and
processed by milling techniques. The resulting ma-
terial is therefore called ground CaCOs(GPP). Its
synthetic counterpart is called precipitated CaCO;
(PCC) exhibiting finer particles sizes and smaller
particle size distribution. It is available in fine and
ultra-fine grades whereby the latter one is some-
times referred to as nano-precipitated CaCO;. Par-
ticles sizes range from 60nm to 150nm. It is used
as filler in adhesives and sealants to adjust the
rheological properties and also in plastics to im-
prove mechanical strength and durability.

Fumed Silica

Fumed or pyrogenic silica is a form of non-
crystalline silicon dioxide. Primary particle sizes are
between 5-30 nm which aggregate into larger ag-
glomerates while maintaining a fairly large specific
surface area of 10-600 mz/g.4 Fumed silica is
widely used as anti-caking additive and thickening
agent with thixotropic property (becomes liquid

when stirred or shaken but return to original state
when at rest). It is also used in paints, coatings,
adhesives and sealants but also as filler in plastics
and rubber. Many different untreated and treated
grades with varying properties are on the market
today. Fumed silica is also used in thermal insula-
tion material such as vacuum insulation panels’.

Precipitated Silica

Precipitated silica is produced from aqueous so-
dium silicates precipitated with sulphuric acid. In
contrast to fumed silica precipitated silica consists
of porous particles with a primary particle size of
about 5-100 nm which form large agglomerates of
several micrometres. The specific surface area can
be as high as 200m?%/g.® Precipitated silica is mainly
used as reinforcing filler in the rubber industry but
also as filler in plastics and sealants (silicone rub-
ber) and adhesives (epoxy).

Precipitated Barium sulphate

Precipitated barium sulphate (BaSO,) is called
“Blanc fixe” due to its whitening ability. It is used
as brightener or white pigment. Blanc fixe is mainly
used as filler in paints and coatings but also in plas-
tics. The production of ultrafine or nano-
precipitated barium sulphate (nanoPBS) has been
investigated recently’. However, particle sizes of
Blanc fixe are generally well above the nanometre
range so is not considered as nanomaterial.

Titanium Dioxide

Titanium dioxide (TiO,) is naturally occurring in
three different forms; rutil, anatase, and brookite.
Rutil is mainly used as white pigment in paints and
coatings while the anatase modification is widely
used in photocatalytic applications. TiO, is also
used as filler in silicone rubber® and thermoplastics
such as PVC.

Nanoclays

Nanoclays are plate-like nanoparticles of natural
occurring layered silicates. Clay minerals are di-
vided in numerous classes such as bentonites or
hectorites. Bentonites mainly consist of so called
montmorillonites, the most widely used nanoclay
in material applications today. Montmorillonites
are build up of stacked nanoscopic aluminosilicate
plates each around 1nm in height and 1 um in di-
ameter and are used as filler in plastics. Organically
modified montmorillonites, so called organoclays,
are used to increase the flame retardancy of poly-
mers especially in cables; the flame propagation is
significantly reduced and no dripping of burning
polymer is observed®. However, aluminium trihy-
droxide (ATH) currently dominates the world mar-
ket for fire protection agents.

Carbon nanotubes
Carbon nanotubes (CNT) have been investigated
intensively due to their unique mechanical and
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electrical properties. A key application of multi-
walled carbon nanotubes (MWNT) is seen as func-
tional fillers in plastic composites and paintslo.
They have been also studied as reinforcing filler in
concrete and have been proven to prevent crack
propagation“.

Carbon Black

Carbon black (CB) is a (nano-) particulate amor-
phous form of carbon, mainly used as a filler in
rubber and as pigments. It is also used as a filler in
plastic and paints to induce electrical conductivity.
It has additionally been proven as a UV-stabilizer in
plastics application improving the weatherability*?.
However, the market for non-rubber applications
is comparatively small.

Graphene

Besides Carbon black, graphite is also used as filler
in paints and coatings inducing electrical conduc-
tivity, thereby obtaining antistatic property. Its 2-
dimensional counterpart is called graphene which
can be considered as a single sheet of graphite.
Graphene could also serve as filler for conductive
and reinforcing applications; however, research
and production techniques are still in their infancy.

Aerogels

Aerogels are nanoporous materials with the lowest
bulk density of all solids. They have been investi-
gated as thermal insulation material due to their
extremely low thermal conductivity. In granular
form aerogels can also be used as filler in concrete
forming a lightweight construction material with
unique thermal properties®>.

Economic impacts

The global filler market was about 50 million ton-
nes in 2006 with a market size of around €25 bil-
lion. Europe ranked second with 15.5 million ton-
nes after Asia with 19 million tonnes. The annual
growth rate of the European filler market is about
3%". Fillers represent one of the largest technical
materials in the world; however, today’s nanocom-
posite market is comparatively small (Figure 3).
Nevertheless, the global nanocomposite market

Nanocomposites Market (thousand tons)
2016

B Europe
® North America

2006

M Asia

Figure 3: The European market for nanocomposites
is predicted to grow from 23 000 tonnes (2006) to
120,000 tonnes in 2016".

size is predicted to increase to €1.47 billion by
2015™. Market figures differ depending on the
classification of nanocomposite materials and
source though.

The world market for precipitated CaCO; was 13
million tonnes in 2007", mostly due to the paper
industry. The share of nanoscale precipitated
CaCO; is significantly smaller; one of the world’s
biggest producers is the Chinese based Sheng-
daTech with a current production capacity of
250000 tonnes. The world market of fumed silica
reached €980 million in 2010. Major producers
include German based Evonik and Wacker together
with US-based Cabot and Japanese Tokuyama
(Figure 4).

m Cabot q

H Evonik
B Tokuyama
Wacker

m Others

Figure 4: Fumed silica market 2010 by company
(adapted from /).

The world market of CNT is expected to grow from
€1.6 billion in 2010 to €3.3 billion in 2016™. Major
producers are US based Cnano, Belgium based
Nanocyl and German based Bayer Materialscience
with a production capacity of 500 tons, 460 tonnes
and 200 tonnes respectively. French based Arkema
has announced to boost its production capacity to
400 tonnes within a short time. The global nano-
clay market was around €139 million in 2009 and is
predicted to grow moderately to around €208 mil-
lion by 2015". Major manufacturers include the
US based Nanocor, Chinese based FCC Inc and UK
based Elementis Specialities plc amongst others.

The biggest manufacturer of precipitated silica is
Rhodia based in France. Other producers are
Evonik, Germany, PPG Industries and Tulco Inc US,
and Wuxi Quechen Silicon Chemical Co.,Ltd. China.

EU Competitive Position

The nanocomposite market is mainly driven by the
US and Europe. The US is the present leader; how-
ever, Europe and Asia are predicted to catch up in
coming years. Europe also having a strong position
in the production of CNT. Regarding fumed and
precipitated silica Europe is leading followed by
the US and Asia; however, Europe’s position is
weak in nanoclays and nanoscale CaCOs. Asia leads
the graphite and carbon black sectors.
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Technology Readiness Levels
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Figure 5: TRL levels indicating the development
level of filler technologies.

Challenges

Technological

A major barrier for the wider commercialization of
nano-enabled fillers is the poorer dispersion ability
of ultra-fine grades or nanomaterials. In this re-
gard, a suitable treatment or functionalisation of
nanoparticles or aggregates depending on the in-
tended use is helpful. In addition, higher costs of
raw materials and treated grades are a disadvan-
tage. An increase in the brittleness of nanocompo-
sites with high filling degrees has also been ob-
served. Further key challenges include exfoliation
and dispersion of nanomaterials.

Environmental, Health & Safety Implications

Nanomaterials in powder form can easily become
airborne. For fillers, this applies at the stage of
both material production and of composite pro-
duction and processing. Nanomaterials used as
fillers include both high volume production materi-
als for which there is already considerable history
of toxicity research (e.g. PCC, silica), as well as new
materials (e.g. CNT, graphene) for which potential
hazard has been highlighted and is currently sub-
ject to extensive investigation. Excessive exposure
to any of these nanomaterials has potential to re-
sult in risks to health and the environment. Whilst
for many of these materials (e.g. PCC), previous
exposures have been observed with no significant
ill effects, for some new materials (e.g. CNT), a po-
tential for much greater toxicity has been identi-
fied, particularly with respect to inhalation expo-
sure. In line with the precautionary principle, ap-
propriate occupational health and safety mecha-
nisms should therefore be in place in order to pre-
vent exposure. Life cycle assessments, including
recycling processes, are also required to prevent

long-term environmental implications.

Summary

e Nanofillers are characterized by their particle
size, specific surface area, particle geometry and
chemical functionalisation.

e Smaller filler particle sizes provide new function-
alities such as improved mechanical strength
and control of rheological properties.

e The high specific surface area of nanomaterials
provides a route towards novel properties and
decreased filling levels.

¢ Needle-like nanofillers have a stronger impact
on the mechanical properties.

e Hybrid materials provide a route towards fully
dispersed nanomaterials and superior nanocom-
posites.

e Critical issues are exfoliation and dispersion of
nanomaterials, and a poorer processability.

e Due to some EHS concerns, appropriate occupa-
tional health and safety mechanisms should be
in place in order to prevent exposure.

Contact
Michael Gleiche, VDI Technologiezentrum GmbH,
gleiche@vdi.de
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