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For centuries, engineers have been successfully designing and building structures on the basis of
traditional mechanical material properties, such as strength and stiffness. Material choices, safety factors
and maintenance strategies are important elements in this design process and are based on a
combination of virgin mechanical material properties, empirical engineering knowledge and prediction
of unknowns with respect to in-time changes of material response. To ensure the safety and service lifetime of engineering structures, unknown material degradation resulting from environmental interactions
is therefore mostly accounted for by over-designing the structural components.
Given the changing global philosophy and growing collective environmental responsibility of today’s
society, the use of sustainable and energy preserving materials that diminish global CO2 emission has
become of imminent urgency. A radical reduction of wasteful use of base materials and progressive
application of improved materials is therefore needed and can only be achieved if engineering
knowledge changes its tradition. For this, classical mechanics must shift toward a new approach
whereby fundamental understanding of underlying molecular chemistry is included into the mechanical
response of material. As such, a new generation of green construction materials can be developed
with tailor made properties.
To advance the development of this, new test methodologies will be needed to measure the
fundamental parameters on multiple levels. It can be foreseen that neutron scattering techniques can
thereby become an important characterization and material selection tool. By bringing together experts
on various construction materials with experts on neutron scattering techniques, the ESS Science
Symposium on New Generation Green Construction Materials was focussing on developing ideas and
common focus towards the opportunities in using advanced tools such as neutron scattering
technology.
Based on the presentation a discussion was held during the Workshop on the main issues regarding
enhancing the development of green construction materials and how neutron technology could help
with this. Abstracts of each lecture are included in this Proceeding and in the following a summary of
the discussions and observations is given.
Neutrons & building materials
Since hydrogen bonding and bulk properties are important for all building materials, neutrons can be an
ideal way to investigate an characterize fundamental processes in construction materials. Given the
huge volume involved with construction materials, a small increase of their sustainability could in fact
lead to a large improvement with respect to their environmental greenness.
Regarding wood as a construction material, there are still many open questions why specific woods
behave like they do, how negative impacts of environment (e.g. from water or fungi) can be avoided or
minimized and how to optimize the design of wood, since it is a living material. There is a need to
understand the behaviour of pure wood and to treat and modify wood to widen their implementation
and durability possibilities. Special attention should be given to the fibre bonds and to the design of
interfaces when utilizing wood as a hybrid material in constructions. Since wood is a natural material
which can be renewed, enhancing the usage of wood can have a significant impact of the
environmentally friendliness of construction materials. Neutron techniques could thereby be very
helpful to further understand the structure and moisture diffusion properties of wood and to help
understanding how the long term properties of wood can be enhanced to optimize their usage
Concrete as a construction material has today a wide implementation. There are, however, many issues
concerning the use of concrete which are currently not optimal in term of their environmentally

friendliness. A reduction of the CO2 emission associated with the productions of this material is hereby
a significant factor with this material and elarging its sustainability would have a positive effect since
less new concrete would have to be manufactured. An enhanced understanding of its degradation, the
effects of chloride ingress, crack formation and replacing some of the material with biobased materials
could all enhance its sustainability and environmentally friendliness. Given neutrons’ ability to penetrate
deep inside the material and their ability to detect in-situ properties as a function of moisture infiltration
or temperature, neutrons can therefor provide new and complementary information to better
understand the chemical reactions and the long term mechanical properties of concrete. Additionally,
3D crackformation, interfaces and interaction between the cement and the environmental and
mechanical loads can be studied in more detail.
Asphalt concrete is today an important material for the transport infrastructure. Being a combination of a
rest product of the petroleum industry (bitumen) and mineral stones, asphalt concrete has a rather
complex and variable chemistry. Having a better understanding of its fundamental properties (e.g. its
ageing or self-healing properties) can thereby significantly enhance its long term performance. Given
the fact that traditional asphalt concrete is heated at high temperatrures (both the bituminous cement as
well as the stones) a large environmental gain can be made when reducing the temperature and energy
usage. A new generation of asphalt concretes, named cold asphalts, are therefore an interesting option
that could have a significant impact on the environmentally friendliness of this material. Though the
technology for these materials was developed already in the late 80ties, current advanced technologies
can ensure that these types of asphalt will have similar mechanical properties which is currently not the
case. So to increase their applicability, several complex chemo-mechanical processes need to be better
understood. Neutron scattering can hereby play a major role in the fundamental characterization and
investigation of various chemo-mechanical processes which will enhance the long term sustainability of
such environmentally friendly materials.
When using neutron scattering technologies for construction materials, special attention should be
given to the sample environmen, since these need to be flexible enough to allow for various material
types and geometries. Advanced detector design and combinig neutron scattering results with
computational algorithms using prior knowledge could also largely enhance the future resolutions of
neutron scattering. This will make neutron scattering an even more interesting technology, since smaller
scale phenomena can be investigated.
Since a lack of understanding of the basic principles of neutron scattering is often a threshold for
scientists working on improving construction materials to considering this as a characterization option,
in the following some useful references are made to neutron-scatering instruction material .

Introduction to neutrons
1. Roger Pynn's lectures covers a lot of the basics. They can be found around the www but a good
collection is found here:
https://www.indiana.edu/~sesame/WebSite/TeachingResources.html
Where both pdf's and video lectures are available. He also made a neutron primer in the 1990's that really
covers the basics. This can be found e.g. here:
http://knocknick.files.wordpress.com/2008/04/neutrons-a-primer-by-rogen-pynn.pdf
2. There is a book from PSI that is a good introduction. It focuses on condensed matter physics but it still
covers the basics no matter what field you are in:
Albert Furrer, Joël Mesot, Thierry Strässle, "Neutron Scattering in Condensed Matter Physics", World
Scientific Publishing, ISBN-13: 978-9810248314

3. There is a new book coming out that looks promising: I.S. Anderson, A.J. Hurd, R. McGreevy,
"Neutron Scattering Applications and Techniques", Springer, ISSN: 1868-0372,
http://www.springer.com/series/8141
4. The SANS Toolbox” by Boualem Hammouda at NIST. It has a lot of practical information on how
to apply SANS to various types of materials and how to fit the data:
http://www.ncnr.nist.gov/staff/hammouda/the_SANS_toolbox.pdf
Video tutorials and pdf of lectures on specific aspects are also available:
http://www.ncnr.nist.gov/programs/sans/tutorials/index.html
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ABSTRACT. Asphalt concrete is an important material for the international road
network. From a materials point of view it still has many unknowns and semiempirical design principles dictate current design. Considering the growing
collective environmental responsibility of our society, a radical reduction of the
wasteful use of bitumen is needed. A unique property of bitumen that could have a
radical impact on extending the lifetime of pavements is its self-healing capacity. So
far only explored from a semi-empirical point of view, asphalt’s healing potential
has not been utilized for improved material design. Linking fundamental
understanding of the underlying molecular driving forces to its long-term
mechanical response could make a potential breakthrough in asphalt concrete
design. For this reason, advanced characterization techniques must be utilized that
can go beyond the traditional meso-scale that has been mostly utilized. New
characterization technologies, such as neutron scattering techniques, can thus be
utilized to optimize the healing capacity of asphalt mixtures by linking fundamental
chemo-mechanical properties of bitumen, with controlled ageing, moisture damage
and loading histories and linking it to its chemical composition. As such, asphalt
concrete can become an engineered material with optimized, tailor made properties
for enhanced long term behaviour.
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1. Bitumen’s micro structure behaviour
Being a residue after distillation of crude oil, bitumen consists of a mixture of more
than 100.000 different hydrocarbons with different size and polarity with small
amounts of sulphur, nitrogen, oxygen and traces of metals [Redelius 2007].
Depending on the oil source and the used refinery process, this composition can vary
considerable between different types of bitumen but even from batch to batch for the
same type. Considering its complexity, it has not been possible to identify all single
compounds in bitumen. Mostly, the chemistry of bitumen is characterized making
separations of bitumen into fractions with respect to different properties, such as
molecular size, reactivity, charge, solubility or polarity.
Various microscopy methods have also been used to investigate the microstructure
of bitumen, among which scanning probe microscopy such as the Atomic Force
Microscopy (AFM). A typical image obtained from AFM scanning is depicted in
Figure 1, where one can easily observe the existing of microstructures in the
bitumen matrix.

Figure 1. Topographic image (19µm × 19 µm) of bitumen [Das et.al., 2012].

Between 2004 and 2010 several research groups continued the investigation of the
bitumen micro-structure using various techniques [e.g. Jäger et al. 2004, Lesueuret
al. 2009]. In their investigations they varied the source of bitumen, the conditioning
of the samples as well as the temperature range of investigation. All researchers
concluded that on the micro-scale some bitumen seemed to display a structuring of
the phases and some seemed to be homogeneous. The purpose of most of these
microstructure investigations was to develop a fast scanning tool to characterize the
chemistry of the bitumen, relating back to the custom of doing so by identifying its
fractions.

2. Healing hypothesis
In Kringos et al. (2011) the bitumen micro-structuring phenomenon was named
‘wax-induced phase separation’ and was linked to a bitumen healing hypothesis. In
this, the existence of interfaces between the bitumen phases was related to crack
propagation and/or memory loss: since the phases have different stiffness properties,
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when exposed to a stress or strain field, they may attract high stress concentrations,
creating the on-set of cracks on the nano-scale. If the bitumen phases are so called
‘frozen in time’, these micro-cracks may propagate into macro-cracks, and may lead
to a permanent reduction of the mechanical properties of the material. If, however,
these phases are mobile, the interfaces would also disappear upon changing of the
overall configuration. With this re-configuration, the damaged zones may disappear,
creating a healing of the restored mechanical properties of the bitumen.
Making an analogy with phase behavior in metals and polymers, a model was
developed that was able to simulate phase separation, based on solving of multiphase mass balance equation, Figure 2. Calibrating the model and fitting its
parameters was found to give a reasonable comparison between different types of
bitumen and the model. There are, however, several important parameters missing
which can be found using neutron scattering technology.

Bitumen 1

Bitumen 2

Bitumen 3

Figure 2. Comparison between bitumen AFM scans and simulated phase configuration
[Kringos et al. 2011]

3. Neutron scattering
Even though the above gives a clear indication of wax-induced phase separation in
bitumen, the evidence has been mainly focused on two dimensional films of
bitumen. This would leave the possibility that the separating out of the waxes is an
effect that occurs at the surface instead of the bulk, due to a surface tension effect.
Since the existence of a phase separation phenomenon in bitumen is at the basis of
the developed healing model, presented later on in this paper, it is important to
ensure that phase separation is in fact a bulk property.
To address this issue, Small Angle Neutron Scattering (SANS) experiments have
been performed on the Spin Echo Small Angle Neutron Scattering (SESANS)
spectrometer at the Reactor Institute Delft. From these experiments, it was observed
that the bitumen exhibits a two-phase morphology, and that the two phases are
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chemically distinct in nature (suggested by the variation of H/C ratio over the
regions), Figure 3. For bitumen with bee-structures the SANS–signal starts
decreasing from 10 µm on, a length comparable to the size of the bee-structures,
whereas the signal stays constant for bitumen without bee-structures.
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Figure 3: SANS signal of bitumen without bee-structures (red open squares) and
with bee structures (blue, solid circles) in which P/P0 is the depolarization.

To investigate the mobility of the bitumen phases, neutron scattering experiments
were carried out at the NEAT spectrometer at the Hahn-Meitner Institut. The
experiments were conducted for various bituminous samples and at various
temperatures, so that the temperature dependence of the dynamical phenomena
could be obtained. An illustrative example of the observed dynamical structure
factor at a wave-vector Q = 0.8 Å-1 for the various temperatures is displayed in
Figure 4. From this experiments it was found that, within the experimental window,
the observed peak shape is best described by the convolution of two Lorentzians (in
energy); i.e. within the experimental window the observed pattern can be described
by a 2-component model, each component having a distinct diffusion constant D. In
this, the D is proportional to the Lorentzian line width.
With rapid quenching of liquid bitumen to low temperatures, the two-phase
morphology was not visible, but with slow cooling a two phase system was again
apparent. The simplest plausible model to explain the facts observed is to assume
that the material consists out of two types of moieties (or one type of moiety, and an
amorphous remainder). Also, the ordering process appears to be slow and
temperature dependent, hence it may be diffusive in nature.

Scattered intensity [a.u.]
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Figure4: Temperature dependence of the scattering function for a single angle. Here Q = 0.8
Å-1.

4. Conclusions

From the preliminary research done so far on this topic, neutron scattering
techniques have shown a potential of identifying behaviour and quantifying
important parameters that can lead to fundamental insights of asphalt
concrete’s healing potential. By going in this direction, details about the
effect of certain material parameters can be found that could lead to
pavements with enhanced long term performance and may assist the
pavement engineering community into developing a new generation of green
infrastructure materials.
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ABSTRACT. As

greenhouse gas reduction becomes desirable more cement in concrete
is being replaced by supplementary cementitious material that improves the concrete
performance by the reduction of permeability. As concrete durability is related to its
ability to limit fluid transmission the knowledge of how to reduce the rate at which
water will be transmitted through cement paste is critical producing a better
material. The complex chemical and physical nature of cement pastes makes
understanding water mobility a great challenge. The dynamics of H2O can be
investigated by many experimental techniques, such as infrared and Raman
spectroscopies, NMR and quasi-elastic neutron scattering (QENS), however QENS
is a unique technique for the investigation of dynamic and geometric aspects of the
movement of protons on very short time scales. Here we present some of the most
up to data results on the physical chemistry of the water/ cement paste interactions
studied by QENS that show why supplementary cementitious materials are superior
to ordinary Portland Cement in reducing the transport of water through cement
pastes.
KEYWORDS: cementitious materials, pozzolans, nanostrcucture, water transport,
confinement, Quasi-Elastic Neutron Scattering
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1. Introduction
It can be estimated that construction of infrastructure by concrete results in an
industry spending over a trillion dollars per year. The key component of concrete is
the cement which when hydrated binds the aggregate and sand together. Ordinary
Portland Cement (OPC) is made from firing calcium carbonate with silicates at
temperatures, which result in the release of carbon dioxide to the atmosphere. In fact
over 5% of the man-made carbon dioxide is generated by concrete production with
the majority of this originating from the production of OPC. When concrete is made
from blended cements containing Supplementary Cementitious Materials (generally
made without carbon dioxide) then a more durable concrete can be made for less
greenhouse emissions.
When cement is hydrated with water it allows the concrete to flow into the
casting space and then sets binding the concrete together. As the cement reacts with
the water it cures and the evolving pore structure is critical for both the strength and
the durability of concrete. According to the classic work of Powers and Brownyard,i
before setting the water in cement is found solely in capillary pores ranging from
diameters in microns down to ~ 10 nm. However, as the cement hydrates (1) free
water becomes bound to the structure of the cement gel and (2) gel pores form with
diameters of less than 10nm. Nevielleii has related the durability of concrete to its
ability to resist water transmission and the permeability of cement paste is critically
dependant on the pore structure of the paste, which is in turn dependant on the
degree of hydration of the paste. The costs to society, incurred by lack of durability,
are immense. For example Swamyiii gave a specific example of cost of repair to
infrastructure the Midlands link motorway around Birmingham. This cost £28
million to construct. Even though, between 1972 and 1989, £45 million was spent
on repairs it is estimated that another £120 million will be required for repair within
15 years. He also estimated that in European infrastructure every year the structural
damage and repair bill was about 1.4 billion euro. Applied research that results in
improved durability of infrastructure should have dramatic economic returns and
hence our interest in the bottlenecks of water transmission in cement paste.
Generally, the properties of concrete such as compressive strength are measured
at 28 days and at this time about 70% of the paste has hydrated. Young and Hanseniv
have contrasted the water in calcium silicate hydrates of OPC and blended pastes.
The blended pastes are considered to have almost no calcium hydroxide present
while in OPC pastes there is a substantial amount as the pozzolan (or active form of
silica) reacts with the “excess” calcium hydroxide. They suggested that the calcium
silicate hydrates of OPC paste have CaO / SiO2 of 1.7 while that of blended paste
have CaO / SiO2 of 1.5.
One motivation for our work is to better understand the role of water in mature
concrete. The results presented here reveal that to a first approximation diffusion of
water within the gel pores in cement paste can be interpreted from the quasi-elastic
response. Our results show that neutron scattering, and QENS in particular, is a
powerful technique that can examine the interactions of the gel pore water to the C-
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S-H in cement paste. It appears that water is more hindered in the gel pores of pastes
made from supplementary cementitious materials.

2. Quasi-Elastic Neutron Scattering (QENS)
Quasi-Elastic Neutron Scattering, QENS, reflects the dynamical response of mobile
molecules that have no time-averaged position. Therefore, due to the exceptionally
large response of the H-atoms, this technique allows to probe diffusive proton
motions in a broad time scale (from few nano to a few hundred pico-seconds). Such
protons will be involved not only in the water molecule rotation around their centre
of mass, but also in long range translational motions, which occur on two different
time scalev.
The QENS spectra is fitted by means of an elastic peak plus a Lorentzian function
using standard least-squares refinement methods, as follows:

Sm (Q,)  FA 0 (Q)()  A1(Q)L11,  A 2 (Q)L 2 2 ,  F Q, B(Q)
where F is a scaling factor, Ai are the structure factors, where A0(Q) represents the
effective EISF, L i i , are the Lorentzian functions having the half-widths at
half-maxima (HWHM) i and FQ, is the experimental resolution function. The
flat background term, B(Q), that includes quasi-elastic contributions to the spectral
intensity arising from fast motion.
Using this phenomenological model we assumed that the chemically “bound” water
molecules contribute elastically to the QENS spectra, while the confined water
molecules give rise to a QE broadening.
The long range translational component is commonly modeled by a Lorentzian with
half-width at half maximum T(Q), and for a random diffusion process, the
variation of T vs. Q can be approximated by the model of Singwi and Sjölander:v,vi
T (Q) 

Dt Q 2
L2
and Dt 
2
6 0
1  Dt Q  0

where Dt is the self-diffusion coefficient, 0 is the average residence time between
jumps, and L is the mean jump distance.
The contribution for the low-frequency rotational motion, R(Q,), is given by the
first terms of the Sears expansion:vii
1 4
l (l  1)Dr
R(Q, )  j 20 (Qa) ( )   (2l  1) j 2l (Qa)
2
 l1
l l  1Dr    2
The first term represents the elastic response of the system, whose energy
dependence is accounted for by a Dirac delta function. The Q-dependence is
provided by j 20 (Qa) represents the EISF, and is correlated to the number density of
bound water. Dr is the rotational diffusion constant, characterized by a relaxation
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time,  r  1 6D , and jl are the spherical Bessel functions. In fact, taken a radius of
r
gyration as the O-H distance in a water molecule (0.98 Å), only the first four terms
of the Sears expansion is significant in the experimental Q-range discussed here.
Finally, the inelastic component is sensitive to the mobility of the atomic nuclei, and
the short-time dynamics of the hydrogen atoms will mainly determine this part of
the spectrum. Therefore, the different environments of the water molecule will be
discriminated in the vibrational spectra. Moreover, the intensity of the vibrational
spectra obtained by means of neutron scattering is directly related to the known
scattering cross section of the nuclei, summed over all atoms of the system.

3. Some Results and Final Remarks
Neutron scattering allows us to quantify the relative abundance of water in
different locations in cement pastes and this is particularly true when the cement
pastes are dried so that it can be inferred that the water is in particular pores.
Moreover it is possible to approximately calculate the diffusion of water in the
pastes. By combining different instruments, including time-of-flight spectrometers
with different resolutions, high-resolution backscattering, and neutron spin echo, it
is possible to differentiate the various motions of water into a broad range of time
scales and estimate the rotational and translational times. Furthermore, there are
measurable differences between the translational mobility of water in cement pastes
made from pastes containing supplementary cementitious materials.viii Cement
pastes confine water in different pores and their detailed structures are as yet
unknown. However it does not seem that it is the pores themselves but the
bottlenecks between them that hinder the transport of water. QENS data offers some
dramatic confirmation of this suggesting that newly re-introduced water is initially
held in the capillary pores of the paste and not as expected in the gel pores.
To conclude, from our experimentsviii,ix,x,xi,xii,xiii we have learned that in order to
associate different water mobility observed in the cement pastes it is necessary to
prepare well characterized samples to minimize the amount of water in the capillary
pores. Indeed, we were able to infer that by preparing samples of low w/c (less than
or equal to 0.42) that have been cured for over 12 months and then dried at specific
RH,xi the reabsorbed water is initially in the capillary pore and will take time to be
admitted to the gel pores. Thus QENS gives cement chemists a powerful tool that
can measure and quantify the amount of water motion in gel pores allowing
understanding of the cement water interaction at the molecular level that controls
important macro properties of concrete.
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Neutron scattering is a powerful way to distinguish order and disorder in biological fibres,
wherever the disordered regions are accessible to deuterium exchange. We have been
applying a range of spectroscopic techniques coupled to small- angle neutron (SANS) and
wide-angle X-ray and neutron scattering (WAXS, WANS) to deduce a structure for the
microfibrils of spruce wood cellulose. The structure of cellulose microfibrils in wood is not
known in detail, despite the abundance of cellulose in woody biomass and its importance for
biology, energy and engineering. The scattering data were consistent with 3nm fibrils with
both hydrophobic and hydrophilic surfaces exposed. Disorder in chain packing and hydrogen
bonding were shown to increase outwards from the microfibril centre. Axial disorder could be
explained in terms of twisting of the microfibrils, with implications for their biosynthesis. The
disorder aspects of these microfibrils is directly related to the mechanical strength of wood
and the variation of microfibril angle between different species reflects this. Preliminary
experiments in situ at varying humidities with the samples under tension will be presented and
the implications on the fibre structure discussed.
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1. Introduction
In a number of strong materials of biological origin, the interplay of structural order
and disorder is the key to mechanical performance [1]. The ordered domains
contribute to stiffness and strength while the disordered regions provide toughness
(fracture energy). The way in which order and disorder interact differs between
protein-based materials like spider silk [2] and polysaccharide-based materials like
wood, flax or the chitin exoskeletons of arthropods [1,3,4]. At least in the case of
wood and spider silk, the optimisation of local, nanoscale material properties and the
optimisation of the macroscopic structures are elegantly interwoven [1-4].
Wood is one of the most sustainable construction materials in existence, having a
highly favourable net carbon balance during its growth, even when all inputs are
accounted for, and locking up carbon for the remainder of its long life cycle; its
utilisation will be crucial to our efforts to find substitutes for fossil fuels [6]. The
suitability of timber for the construction industry depends on its stiffness and on
freedom from distortion when it gains and loses moisture. Timber is priced on
stiffness but rejected when distortion is excessive. These mechanical properties
emerge from its structure at the nm scale, but the connection between structure and
mechanics is not well understood. Coniferous wood contains about 50% of cellulose
by mass and wood cellulose is therefore more abundant than any other material in
the biosphere [5]. The cellulose is in the form of microfibrils about 3 nm in diameter
and several μm long which contain both ordered and disordered components [8-10].
Each microfibril contains around 24 parallel glucan chains hydrogen-bonded
together into an array that is loosely crystalline in the centre but increasingly
disordered towards the outside [11]. The microfibrils form irregular aggregates 1020 nm across [7]. Microfibril orientations are distributed around a mean angle to the
grain (the cell axis) that can range from <5° to >30°. Stiffness varies inversely with
this microfibril angle (MFA). It is not clear whether water can insert itself between
microfibrils or only between microfibril aggregates, but whichever is the case the
presence of water permits mechanical slippage and the anisotropic swelling that is
responsible for warping problems. Cellulose synthesis is the key to the living
world’s buffering of atmospheric carbon dioxide levels and provides many of our
sustainable resources. Nevertheless we have much to learn about the nature of
cellulose and about how its structure relates to its function.
Neutron scattering is a powerful way to distinguish order and disorder in biological
fibres, wherever the disordered regions are accessible to deuterium exchange. We
will show that the combination of wide-angle and small-angle neutron diffraction
(WANS and SANS) in combination with a range of spectroscopic measurements is a
powerful method for devising a detailed model of the microfibril structure of
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cellulose, primarily in sitka spruce wood, and the implications that this has on
understanding the macroscopic properties of wood.

2. Cellulose Microfibril Structure

Figure 1. Small-angle neutron scattering (SANS) from spruce wood. A. SANS
pattern at 25% hydration with D2O, showing equatorial Bragg reflections at q = 1.6
nm-1. The fibre axis is vertical. B. Radial profiles of SANS intensity at 25%
hydration with D2O, H2O and a 35:65 mixture of D2O with H2O, matching the
scattering length density of cellulose based on its elemental composition. C.
Variation in position of the centre of the fitted radial intensity peak with the level of
hydration with D2O. [11].
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We will present the outcomes of using deuteration as a method for separating the
contributions of ordered and disordered components using WANS and to create
SANS contrast in Bragg scattering from close-packed microfibril arrays (Figure 1);
this has allowed us to deduce a structure for the 3nm diameter cellulose microfibrils
of spruce wood (Figure 2) and to probe the effect of hydration on these microfibrils
(Figure 1 C) [11]. Each microfibril has a core showing more or less crystalline order,
despite the small lateral dimensions, and a less ordered but still highly oriented
surface layer in which many of the outward-facing hydroxyl groups are deuteriumexchangeable [11]. In spruce wood the microfibrils are arrayed in irregular bundles
10-15 nm wide which in turn are embedded in a disordered non-cellulosic matrix
[3]. Spruce is a conifer, but we will show that most of these structural features are
shared by cellulose microfibrils in hardwood species, bamboo and non-woody
plants.
(200)

(010)

Figure 2. A proposed rectangular structure for cellulose microfibrils in sitka spruce
based on a 3nm diameter containing 24 cellulose chains [11].

3. Cellulose Microfibrils Under Tension
We have developed an in-situ stretching device for implementation with a humidity
cell on D9 at ILL, France. We will present the preliminary outcomes of these
experiments combined with equivalent WAXS and FTIR stretching experiments.
The combination of complementary techniques is vital in constructing a microscopic
picture of the behaviour of the microfibrils as the tension is absorbed. We will
present the difficulties in undertaking measurements under humidity, in particular
the effect of relaxation times under varied relative humidities. We will discuss the
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possible mechanisms for absorption of stress including: (1) stretching of the
microfibrils leading to a increase in the axial dimension of the unit cell of the
ordered cellulose component; (2) shear between microfibrils; (3) rotation of the
microfibrils towards the direction of the stress. These accounted for, respectively,
about 70%, 30% and <2% of the axial strain in wood carefully selected for highly
oriented cellulose.
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This article provides a short review on nanocomposites of inorganic nanoparticles
and polymer matrix for a variety of applications. The use of inorganic nanoparticles in the
polymer matrix can provide high-performance novel materials that find applications in many
industrial fields from food packaging to construction materials. Various methods for the
fabrication of organic-inorganic nanocomposites is presented along with some
characterization methodologies used for their evaluation.
ABSTRACT.

ESS Science Symposium on New Generation Green Construction Materials, April 2013, Stockholm

2

1. Introduction
Nanocomposites1 have attracted significant scientific and technological interest
interest due to their novel characteristics. Mainly the composites can be classified as
organic(polymeric)-inorganic, inorganic-inorganic and all polymeric. The use of
inorganic nanoparticles in a polymer matrix can provide high-performance novel
materials that find applications in many industrial fields. As a result of the
development in nanotechnology, inorganic nanostructured materials and
nanocomposites have been designed/discovered and fabricated with important
cooperative physical phenomena such as superparamagnetism, size-dependent bandgap, ferromagnetism, electron and phonon transport, improved mechanical strength
and barrier characteristics.
Nanocomposite materials is an emergent research line in the field of coatings of
high mechanical and durability performance building materials. For instance, there
is a strong industry interest in use of nanostructured materials to improve service life
and flammability performance of building/construction materials. Nano silica and
clinker used to increase densification and hence mechanical properties and durability
of cementitious materials. Service life of these materials can be doubled through the
use of nano-additive viscosity enhancers, which reduce diffusion of harmful agents
in concrete. Photocatalytic TiO2 added to concrete to reduce carbon monoxide and
NOx emissions on roadways. Nanocomposites of polymers with inorganic minerals
have been used on the concrete walls as self-cleaning materials, which combine
chemical and physical reactivity of the material in an effective way.
Nanocomposites of asphalt with organically modified clays demonstrated an
improvement of low temperature rheological properties and cracking of asphalt.
Inorganic–organic composites based on organoalkoxysilanes and other alkoxides
have been used as hard coatings on eye-glass lenses or as low surface free energy
coatings. The addition of nanoparticles leads to a substantial increase of the abrasion
resistance of such systems without losing any transparency. Also, nanocomposites
have been developed for the fabrication of low surface free energy coatings.
(Schmidt, 2001).
Nanocomposites offer improvements over conventional composites in
mechanical, thermal, electrical and barrier properties. Furthermore, they can reduce
flammability significantly and maintain the transparency of the polymer matrix. In
the case of layered silicate (clay) nanocomposites, loading levels of few percent by
weight result in mechanical properties similar to those found in conventional
composites with 30 to 40% reinforcing material (Denault and Labrecque, 2004).
These attractive characteristics suggest a variety of industrial applications for
polymer nanocomposites including: automotive (gas tanks, bumpers, interior and
exterior panels), construction (building sections and structural panels), aerospace
(flame retardant panels and high performance components), electrical and
electronics (electrical components and printed circuit boards), and food packaging
1

Hereby the definition of nanocomposite is taken in its broadest sense, covering inorganic nanoparticles
coated with polymeric layers to polymers containing homogeneously dispersed nanoparticles.
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(containers and wrapping films) (Wypych and Satyanarayana, 2005).

2. Fabrication Strategies
The mixing of polymers and nanoparticles is opening pathways for engineering
flexible composites that exhibit advantageous properties when compared to its
consitutents. The research revealed a number of key challenges in producing
organic-inorganic nanocomposites with the desired characteristics. The greatest
hindrance to the large-scale production and commercialization of organic-inorganic
nanocomposites is the absence of cost-effective methods for controlling the
dispersion of the nanoparticles in polymeric hosts. The nanoscale particles typically
aggregate, which cancels out any benefits associated with the dimension. The
particles must be integrated in a way leading to isolated, well-dispersed primary
nanoparticles inside the matrix. Synthetic strategies for organic-inorganic
nanocomposites with a high homogeneity are, therefore, really a challenge. There
have been several attempts for the synthesis of organic-inorganic nanocomposites
that can be classified under two major categories as physical and chemical methods.
(Li, 2010).
Physical methods can be summarized as extrusion, melt compounding, film
casting, and intercalation polymerization. In some cases, physical methods are very
effectively used for the fabrication of natural fibers, such as cellulose nanofibers.
These can then be formed into nanocomposites either by the use of enlisted physical
methods or combining with chemical methods.
Chemical methods include in-situ polymerization and in-situ nanoparticle
formation. In-situ polymerization starts with the pre-formed nanoparticles with a
proper surface to allow initiation of polymerization from the particles’ surface. In
case of the in-situ nanoparticle formation process, precursors of inorganic materials
is crystallized simultaneously with the formation of the polymer. Chemical
techniques are superior in terms of complexity and homogeneity of the final
nanocomposites.
Characterization of composite materials is becoming increasingly important to
understand the observed characteristics that will lead to better material design.
Besides the conventional materials characterization tools a great effort has been put
on the development of new tools, or adding new functionality to existing tools.
Small-angle x-ray scattering technique is useful for the study structural
properties of nanostructures between 1-50 nm. X-rays are used for studying the
internal structure of three-dimensional composite blocks to assess materials failures
and mechanisms leading to it. Atomic force microscopes, combined with
nanoindenters, are used for the study of mechanical structures of nanocomposite
films. There is, however, still a need for developing methodologies to understand the
mechanism of deformations/failures in nano-scale structures via a combination of insitu electron microscopy and atomistic modelling.
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The field of nanocomposites have witnessed great advances in the last two
decades. Materials scientists have developed rather intrigue materials architectures
via a combination of fabrication methodologies. As these composites can be applied
in almost every technological field, their accurate characterization is becoming an
issue of increasing significance. The tools of characterization are also becoming
more advanced when the available tools do not address the issues in these novel
materials forms/architectures. Nanotechnology will make its biggest impact when it
becomes possible to study the nanocomposites/nanomaterials in detail, model these
systems and eventually using the gained knowledge to design smarter materials.
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ABSTRACT. Neutron

imaging is a method that provides information about the sample in the real
space. Neutrons are sensitive to the presence of hydrogen. This makes it possible to quantify
very small amounts of water in a sample. These properties have been successfully applied in
many scientific applications. Experiments are performed using either time-series of twodimensional images to follow the sample dynamics, but also computed tomography is applied
for samples and processes at steady state. In some experiments, computed tomography has
even been applied for time-series to capture the processes in three dimensions over time. We
present a short overview of several neutron-imaging experiments made with construction
building materials, like wood and concrete, performed at Paul Scherrer Institut. The central
question for these experiments has been to localize and quantify the amount of water in
different region of the sample.

KEYWORDS:

Neutron Imaging, water quantification, computed tomography, structural
materials, porous media
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1. Introduction
Neutron imaging is an experimental method based on the transmission of
neutrons through a sample. The basic form is radiography, but computed
tomography is a similarly common acquisition mode. These acquisition modes are at
first glance rather comparable to the better-known X-ray imaging. The difference
lies in the neutron-matter interaction, which results in an entirely different set of
attenuation coefficients. The lightest element, hydrogen, has a relatively high
attenuation coefficient, while most of the heavier elements like many metals have a
relatively low attenuation coefficient. This does make, for example, water a high
contrast fluid in different porous samples while the sample container can be made of
a metal, which is transparent compared to the water. This contrast relation makes it
possible to study the migration of water or any other fluid containing hydrogen in
strong containers that endure high temperatures or pressures.
The availability of neutron imaging is limited to user facilities at strong neutron
sources. These can only be found at large scale research facilities. Today, about 15
facilities worldwide provide their instruments for a scientific user community doing
academic and commercial research (Lehmann and Kaestner, 2010).
2. Methods
Neutron imaging is based on the transmission of neutrons through matter. The
formed images can be explained using the universal attenuation law. The attenuated
beam I, given the incident beam I0, is
(1)
where Σ is the distribution of the macroscopic cross-section along the beam path
(dl).
For the special case of a wet sample in a container equation (1) can explicitly be
written as:
(2)
The absorbance term for each material (matrix, water, and container) of the sample
sum up to the total absorbance. Consequently, the thickness of water (lH2O) can be
determined if a reference image of the dry sample and the container is available and
the macroscopic cross section of water (Σ ) is known. This reference image can
then be divided from the image of the wet sample, which leaves the contribution
from water as only remaining image information. This fact is used in many neutronimaging experiments with different scientific applications, e.g. water uptake and
transport in construction materials and soils. A time series of images is often
acquired and after the referencing operation it is possible to follow the twodimensional distribution of water in the sample over time, see Figure 1. In some
experiments it is of interest to increase the contrast within the water volume to trace
the water transport from one region to the other. This can be done by the use of
heavy water (D2O). Heavy water behaves similarly to normal water in the porous
medium, but its attenuation coefficient is an order magnitude less than that of
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normal water. This makes heavy water a suitable tracer for neutron-imaging
experiments when water migration in wet structures should be studied.

√

Figure 1. Neutron imaging experiment showing capillary rise of water in a brick. The
dark horizontal region is wet while the orange region is dry (left). It is for example possible to
extract the location of the waterfront as a function of time (right).

Equation (2) shows the ideal case when pure absorption of the neutrons is
assumed. This is however mostly not the case, since for many materials the neutrons
that do not reach the detector are not absorbed but -to a large extent- scattered. In the
specific case of hydrogenous materials such as water, nearly all neutrons are
scattered. Some of the scattered neutrons will reach the detector over a secondary
scattering path and add intensity to the transmission image. This additional intensity
will introduce deviations from equation (1). This will in turn introduce an unwanted
bias in the water content estimate. The error introduced by scattering can be more
than 50% of the correct value as determined by gravimetric methods. The
contribution of the scattered neutrons can be to a certain degree corrected using
additional reference images and dedicated correction algorithms (Hassanein, 2006)
or by calibration procedures (Hussey et al., 2012). After such correction, the error is
usually reduced to a few per cents of the value determined by gravimetric
measurements.
In some experiments, the two-dimensional information provided by the time-series
of radiographs is not sufficient as an input for the intended modelling of material
behaviour. In such case, computed tomography is required to provide the threedimensional information. Computed tomography produces good results for static
samples or dynamic samples in the steady state. In some experiments it is of interest
to follow the process dynamics in three dimensions. This requires that the
acquisition time for the projection data is shorter than the process motion, otherwise
the reconstructed data will be disturbed by motion artefacts as shown in figure 2
(left). There are different approaches to reduce the impact of motion artefacts:
reduce the exposure time, reduce the number of projections, or change the order of
acquisition angles (Kaestner et al., 2010). The first two options have a direct impact
on the image quality since these approaches reduce the signal to noise ratio and
introduce aliasing artefacts. The last option has proven to be useful for several
neutron-imaging experiments of samples with an inherent motion of water. The
image referencing procedure described for the two-dimensional case also works for
tomographic data. Here, the local water content can be directly determined from the
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voxel intensity, providing the adverse effects of neutron scattering is correctly
amended in the two-dimensional projections.

Figure 2. Motion in the sample during a tomography scan will introduce motion artefacts in
the reconstructed images (left). This can be avoided by changing the order of the acquisition
angles (right). The experiment shows the evaporation process of water from spheres of superabsorbing polymers and porous grains used in high performance concrete. (from reference
Kaestner et al. 2011). Copyright held by and reprint courtesy of SPIE)

3. Applications of neutron imaging
The applications of neutron imaging is very wide, some examples are found in
archaeology and palaeontology, while others are more technical, such as the
optimization of fuel cells. It was, however, the soil physics and water transport in
porous media that was pioneering in the field of quantitative neutron imaging with
focus on the prediction of the water distribution by models and verification by
experiments. One example is a collaboration that was reported in a special issue of
Advances in Water Resources, the intention of this project was to bridge the
understanding of large scale hydrologic modelling to micro-scale modelling
(Lehmann et al. 2008).
Neutron imaging has also been applied to wood and wood based materials. For
example Mannes et al. (2009) and Sonderegger et al. (2010) used neutron imaging
to model diffusion processes in wood. Scholz (2010) used neutron imaging to
investigate wax impregnated wood samples. In this investigation the impact of using
wax to preserve wood against fungi attack was studied using neutron micro
tomography and later also time-series to model the capillary rise of wax in wood.
Concrete is a construction material that has been investigated in several neutronimaging experiments. The objectives of the experiments range from providing an
meaningful input for the modelling and optimization of the internally cured earlyage cement pastes as shown in Figure 3 below (Trtik et al., 2010) to investigations
of water uptake in cracked concrete (Zhang et al., 2010).
4. Summary
Neutron imaging is a non-destructive method to investigate structures that has
proven in a wide variety of construction material research applications. Due to the
high sensitivity to hydrogen, the distribution of water is a central question for many
of the neutron-imaging experiments performed at Paul Scherrer Institut.
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Figure 3. Release of internal curing water from lightweight aggregates into hardening
cement paste. Donor regions (blue), recipients regions (red). The inner diameter of the
cylindrical specimen is 6 mm. The times after mixing when the respective two neutron
tomograms were performed are shown n the right bottom corners of the images (from
reference Trtik et al.(2011). Copyright held by and reprint courtesy of Elsevier).
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ABSTRACT.

Neutron scattering techniques have very useful, and sometimes unique, capabilities for
characterizing materials, particularly those with internal porosity and complex
nanostructures. Here we focus on the quantitative information about solid phases that can be
obtained through the contrast variation technique, where the same specimen is measured
more than once with different fluids in the pore system. By exploiting the large difference in
the scattering behaviour of hydrogen and deuterium, experiments conducted with normal and
deuterated versions of the same fluid, e.g. H2O/D2O or CH3OH/CD3OH, can provide
important information about the solid phase or phases within the specimen. This approach
has been used with good success for cement-based materials, which contain as their main
binding phase a calcium-silicate-hydrate (C-S-H) phase that has a variable composition and
density and that is difficult to characterize with standard techniques. A few examples
illustrating the application of contrast variation to cement-based materials are discussed.
KEYWORDS:

neutron scattering, contrast variation, cement, C-S-H

1. Introduction
A small-angle neutron scattering (SANS) experiment is performed by passing a
beam of neutrons through a relatively thin specimen. Some of the neutrons are
scattered by a small angle with respect to the direction of the incident beam, and
these scattered neutrons are registered on a position-sensitive neutron detector. The
scattering occurs due to nanometer-scale features in the microstructure. The
geometric angle of scatter between the incident and scattered beam, 2θ, is converted
into a scattering vector of magnitude Q = (4π/λ)sinθ, where λ is the neutron
wavelength. The absolute-calibrated scattered intensity response, I(Q), tends to
decrease with increasing Q, and there is an inverse relationship between the size of a
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feature and the scattering vector at which it scatters neutrons. The I(Q) profile can
be analyzed to determine the statistically representative size distribution, volume
fraction, and morphology of the scattering features, as well as the specific surface
area.
For many isotropic, randomly oriented two-phase materials consisting of solid
and pores, the scattered intensity varies as:
∆

(1)

where F(Q) is the scattering form factor for the fundamental solid particles, P(Q) is
the structure factor describing the arrangement of particles, VP is the volume of a
particle, n is the number density of particles, and Δρ2 is the scattering contrast.
Equation (1) is formulated in terms of a particulate morphology, but form and
structure factors have been derived for a variety of other heterogeneous
morphologies [1]. Note that, in Eq. (1), F(Q), P(Q), and VP are functions only of the
size and arrangement of the physical features, while Δρ2 depends only on the
composition and mass density of the two phases. The scattering contrast is defined
as:
(2)

∆

where ρsolid and ρpore are the neutron scattering length densities of the solid and pore
phases. The scattering length density of any phase is given by:
(3)
where d is the mass (x-ray) density, FW is the mass of one formula unit, NA is
Avogadro’s number, bi is the coherent scattering length of an atom of element i, and
the summation is over all the atoms in a formula unit. Since the values of b are
known for all elements, if the composition and density of a phase are accurately
known, then ρ can be calculated directly from Eq. (3)
If the value of ρsolid cannot be calculated because the composition and/or mass
density are not known accurately, then the value can often be determined
experimentally through contrast variation. Here, ρpore is varied by introducing
different fluids into the pore system, and the resulting changes in the scattered
intensity I(Q) are used to determine ρsolid. The utility of this approach is greatly
enhanced by the fact that hydrogen and deuterium have very different coherent
scattering lengths. Therefore, a deuterated version of a solvent will have a very
different scattering length density, but very similar chemical behavior, as compared
to the hydrated version. With the assumption that changing the pore fluid does not
affect any of the terms in Eq. (1) except Δρ2, ρsolid can be calculated from:
√
1

(4)
√
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where R is the experimentally measured ratio of the scattered intensity with the
hydrated fluid to that with the deuterated fluid, and ρH and ρD are the scattering
length densities of the hydrated and deuterated fluids, which can be accurately
calculated using Eq. (3).
The value of ρsolid is important for correctly normalizing SANS data so as to
obtain quantitative results such as specific surface area and for comparing the
scattered intensities from samples with different compositions. The experimental
determination of ρsolid can also be useful for determining the composition and mass
density of a phase, if these are not known, through Eq. (4). For example, contrast
variation has been used to determine the water content and mass density of the C-SH gel phase in hydrated portland cement, cured under different conditions [2,3,4].
These values are difficult to determine by other means because of uncertainties
about the amount of water associated with the solid phase.
The above discussion assumes that the sample is characterized by a single solid
phase with uniform composition. When two or more solid phases with different
compositions are both contributing to I(Q), quantitative analysis is more difficult.
Eq. (4) can be used to determine a value of ρsolid, but in this case it will represent an
average value with contributions from all solid phases and these contributions will
tend not to be constant across the Q-range. In this case, the constant values of ρsolid
and R in Eq. (4) are replaced with ρ(Q) and R(Q). The variation in ρsolid with Q
provides an indication of the compositional uniformity in the specimen, and also
provides the appropriate value of ρsolid to use for determining physical parameters
from I(Q) in different Q ranges.

2. Examples of the use of contrast variation– Cement-based materials
As an example of contrast variation behaviour, we first examine the behaviour of
hydrated cement paste before and after exchange of the pore fluid from H2O to D2O.
Figure 1 shows results for normal cement paste and for a paste chemically treated to
remove the calcium hydroxide phase [5]. The normal cement paste can be treated as
a three-phase system containing of calcium-silicate-hydrate (C-S-H), calcium
hydroxide (CH), and pores. After exchanging with D2O, the contrast between C-SH and fluid decreases, while the contrast between CH and fluid increases. As a
result, the intensity decreases at higher Q values where the scattering is dominated
by the nanoscale C-S-H phase, but increases at lower Q values where scattering
from micron-scale CH crystals becomes more important.
This behaviour is clarified by the results for the leached paste (Fig. 1, right),
which contains only C-S-H. In this case, the intensity decreases uniformly across
the entire Q-range, so the SANS curves are parallel. The very different behaviour of
CH and C-S-H with H2O/D2O exchange arises from the fact that the H present in the
solid C-S-H particles exchanges fully with deuterium to become C-S-D, while the
CH remains CH [2].
Because the C-S-H phase has a composition and mass density that are variable
and difficult to measure, it is desirable to use contrast variation to directly measure
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the scattering length density of this phase, ρCSH. For this purpose, D2O is not an
ideal fluid because the formation of C-S-D noted above creates difficulties in

Figure 1. Effect of H2O/D2O exchange on the SANS response of cement paste (left)
and leached cement paste treated to remove CH (right), after [5].
making the calculation [2]. A better choice of fluid is methanol, which can be
exchanged with a deuterated form such as d3-methanol (CD3OH). Since CD3OH is
not capable of exchanging with solid H atoms, the C-S-H solid phase remains C-SH.
Figure 2 shows two examples of determining ρCSH using methanol exchange,
where the value of ρ(Q) is calculated from the experimentally determined R(Q)
according to Eq. (4). At left, results for a paste made with a blend of white portland
cement and silica fume [3], and at right a paste consisting of hydrated blast furnace
slag [4]. In both cases, ρ(Q) reaches a statistically constant value at higher Q values
that is taken to be the correct value of ρCSH for that type of sample. Note the
considerable difference in the value of ρCSH obtained for these two samples.
In some case, two solid phases are present in a specimen and it is difficult to
distinguish their morphologies and distributions. Figure 3 shows the experimentally
determined ρ(Q) for a cement paste blended with SiO2 (30 wt%) and cured at 200°C
[6]. Under such hydrothermal conditions, a variety of crystalline CaO-SiO2-H2O
phases are known to form. In the present case, both tobermorite (C0.78SH0.92) and
xonotlite (C6S6H) were detected by XRD, and the calculated values of ρsolid for these
phases (see Eq. 3) are shown as dashed lines in Fig. 3.
The results shown in Fig. 3 indicate that the measured value of ρsolid at low Q
approaches the value for xonotlite. With increasing Q, the value of ρsolid decreases,
eventually approaching the value for tobermorite at high Q. Recalling that smaller
microstructural features generate scattering at higher Q-values, this trend indicates
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that the specimen contains coarser (but still nanoscale) xonotlite crystals and much
finer tobermorite crystals.

Figure 2. Experimentally determined solid scattering length density (ρsolid) as a
function of Q, determined according to Eq. (4) following CH3OH/CD3OH exchange.
Left: White portland cement with silica fume, after [3]. Right: alkali-activated slag
paste, after [4]. Horizontal lines indicate the measured values of ρCSH, which are
given above.

Figure 3. Experimentally determined solid scattering length density (ρsolid) as a
function of Q, determined according to Eq. (4) following CH3OH/CD3OH exchange,
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for cement with 30 wt% addition of SiO2 and cured at 200°C [6]. Calculated values
of ρsolid for tobermorite and xonotlite are shown as the dashed lines.
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Cement is one of the synthetic materials with the largest production and usage in the
construction field. Both crystalline and amorphous products result from the hydration
reaction of calcium silicates and aluminates with water. The main amorphous phase, calcium
silicate hydrate (C-S-H), has a colloidal nature and is responsible for the binding properties
of cement. Understanding and controlling the water confinement, the hydration kinetics and
the nanostructure formation are likely to be the key factors for the improvement of cement
final properties. The comprehension of the nanostructure has been refined and improved
using new evidences by small angle neutron and x-ray scattering techniques with particular
attention towards the effect of comb-shaped superplasticizers addition. Their effect on the
hydration kinetics of tricalcium silicate paste was monitored by a novel calorimetric
approach and described using a generalized boundary nucleation and growth model
combined with a diffusional stage. Moreover, the water confinement imposed by the
developing cement matrix was disclosed by using neutron scattering techniques and resulted
in the conversion between bulk to surface-like water. All these data combined together
generate a quite complete scenario on this rather complex system opening the way for the
improvement of cement-based systems towards new generation construction materials.
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1. C-S-H nanostructure [Chiang 2012]
The basic building block of calcium-silicate-hydrate (C−S−H) gel, which is the
major hydration product of a commercial Portland cement paste, is usually referred
as “globule” in the Jennings’ colloidal model-II, CM-II, developed for C−S−H. In
order to detail the nanostructure of the globule, a synthetic phase of C-S-H, C−S−H
(I), was synthesized starting from tricalcium silicate in excess of water to prevent the
Portlandite formation. The C−S−H (I) gel was investigated as a function of the water
content from 10 to 20% by small angle neutron scattering (SANS) (see Figure 1) and
an improved analytical model was implemented to fully describe the SANS patterns
including the internal structure factor of the globule. We determined the structural
parameters of the building block with good accuracy probing an extended interval of
the scattering vector, Q, from 0.015−1.0 Å−1. In this Q-range an interlamellar peak at
0.65−0.80 Å−1 is present, shifting as a function of the water content present in the
C−S−H gel. This additional feature enables us to confirm the presence of a lamellar
structure and determine the thicknesses of both the water and the hydrated calcium
silicate layers in the C−S−H globules. The estimated water layer thicknesses and the
average number of layers (n) increased with water content. Globules with
approximately 5 layers dominated the driest samples while the sample with 30%
water content showed an average n of about 10. These results suggest that upon
drying, the globules collapse into a more uniform globule size.

Figure 1. Absolute intensity I(Q) versus Q for C−S−H (I) at water contents: 10%
(black square), 17% (red circle), and 30% (blue triangle). (a) CM-II: the C−S−H
gel has a fractal structure with a fractal dimension, D, and a cutoff length, ξ. (b)
Internal structure of the C−S−H globule.
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2. Effect of chemical admixtures
For several decades, the addition of superplasticizers to the fresh mixture has been
the best-established method to enhance the workability and placement
characteristics of concrete. The most recent superplasticizers belong to the
polycarboxylic ether (PCE) family. In the simplest case, they consist of a polyacrylic
or polymethacrylic backbone with grafted polyethylene oxide side chains. PCE
superplasticizers do not only change rheology, but also influence the kinetics of
cement hydration and the microstructure.

2.1. Hydration kinetics [Ridi 2012, Ridi 2013]
Four comb-shaped PCE superplasticizers with well-known molecular structures
(see figure 2, left) were added to tricalcium silicate (C3S) pastes and the hydration
kinetics was investigated by means of Differential Scanning Calorimetry (DSC).
The Boundary Nucleation and Growth Model (BNGM) applied to this series of
additives quantify the effect of the molecular architecture of the PCEs with respect
to changes in the induction time and rate constants. The results show that
decreasing the length of the polyethylene oxide side chains of the PCE molecules
increases the induction time. The side chain density, which highly influences the
adsorption of the polymer to the C3S unreacted grains, is shown to significantly
affect the duration of the induction period: in particular, molecules with low side
chain density delay the setting of the paste to a greater extent than molecules with
denser side chains. Moreover, the chemical admixtures influence the rate constants
of the nucleation and growth processes, both reducing them and affecting their
temperature dependence. DSC in the Low Temperature approach (LT-DSC) gives a
semi-quantitative estimation of the evolving porosity (capillary, small gel and large
gel pores), the depercolation threshold of the capillary pores and the fractal
dimension associated to the probed porosity.

Figure 2. Left) Molecular structure of the investigated polymers. Right) Effect of the
PCEs on the hydration kinetics of the C3S/H2O paste.
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2.1. Microstructure [Chiang 2013]
The combination of small angle X-ray scattering (SAXS) and SANS experiments
performed on synthetic C-S-H (I) gel obtained in the presence of the abovementioned PCEs allows evidencing the effect of this series of additive on the
nanostructure of the globule and on the overall fractal dimension of the gel. The
results show that these comb-shaped polymers tend to increase the size of the disklike globules but have little influence on the internal structure of the globules. As a
result, the fractal packing becomes more open in the range of a few hundred
nanometers, in the sense that the mass fractal dimension diminishes, since the PCE
adsorption on the globules increases the repulsive force between and polydispersity
of the C−S−H units. Scanning electron microscopy (SEM) of the synthesized
C−S−H gels shows that the PCEs depress the formation of fibrils while enhancing
the foil-like morphology (see figure 3).

Figure 3. SEM images of (a) and (b) C‐S-H, (c) and (d) C-S-H/PCE102-2. Images
on the left 25X magnification (bar = 1 m) on the right 75X magnification (bar =
200 nm).

3. Water Dynamics [Fratini 2013, Ridi 2009]
The translational dynamics of the hydration water in tricalcium silicate, as well as
the curing kinetics of the paste, was investigated using neutron elastic backscattering
measurements (ENS). A detailed analytical model has been formulated to extract the
most important features of the calcium silicate curing process. As the curing time
passes, water reacts with the C3S forming amorphous C−S−H gel and crystalline
calcium hydroxide. Concurrently, the water translational dynamics slows down due
to the increased confinement in the developing matrix and the surface water as
determined by low temperature near infrared spectroscopy increases. As shown in
figure 4, the time evolution of the self-diffusion constant for the hydration water
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shows a decrease of one order of magnitude after 2 days of curing from 4.0x10−9
m2/s (bulk-like water) to 4.0x10−10 m2/s (confined-like water). Presented results
agree with molecular dynamics simulations and 1H-NMR results on similar systems.

Figure 4. Evolution of the diffusion coefficient of mobile hydrogenated species in
C3S/H2O paste as accessed by ENS experiment.
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The forest products industry is vital to the economy of the Nordic countries. Many
markets for traditional products show poor development, and new products are of great
interest. Nanocelluloses are new material components, with potential to revolutionize this
industry. One challenge is to better understand nanoscale phenomena of importance to
materials formation and materials performance. The characteristics of cellulose
nanoparticles are presented as well as some of the material concepts developed, and needs
for materials characterization at different scales.
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1. Introduction
Wood-based panels are essentially composite materials, although the
components are sometimes limited to wood fiber and air. Traditional forest products
often have limitations such as low strength, low strain-to-failure, and moisture
sensitivity. In addition, odor and discoloring problems arise due to thermal
decomposition of hemicelluloses and lignin during composites processing. The
chemical and structural heterogeneity of fibreboard and related materials is therefore
the most important reason for the property limitations. A promising way to address
the shortcomings of heterogeneous wood composites at the microscale is through
nanocellulose-based materials.
Nanofibers are interesting reinforcements but are often very costly. Wood
cellulose nanofibers have the potential to be widely used due to the low cost
associated with recently introduced economical disintegration procedures. Wood
fibers cooked in a chemical solution to yield high cellulose content are used as
starting materials. As these fibers are subjected to mechanical homogenization (as
used in the food industry for tomato soup and orange juice), the fiber cell wall is
disintegrated into cellulose nanofibers. Enzymatic pretreatment has been developed
in Sweden in order to reduce energy requirements during nanofiber disintegration,
(Henriksson et al), although chemical pretreatments are more efficient. The lateral
dimension of such nanofibers is around 5-15 nm and the length is 1-5µm.
2. Cellulose nanopaper
After disintegration from wood fibers, cellulose nanofibers are available as a
dilute (≈1%) colloidal water suspension. The characteristics of the colloidal system
needs to be better characterized in future studies. Such a water suspension can be
vacuum-filtered or cast, and strong interfibril interaction is obtained during gel
drying so that a porous wood cellulose nanopaper is formed (Henriksson et al). The
nanopaper is a fibrous network analogous to conventional paper. The main
difference is that the nanopaper is structured at the nanoscale rather than at the
microscale of conventional paper. The fine structure and improved properties of the
fibrous unit leads to interesting mechanical properties, including 300 MPa tensile
strength and high work-to-fracture. The high strain-to-failure (10%) is most
remarkable and is due to a nanofiber slippage mechanism. The gas barrier properties
are very good, but more insight into the nature of the small scale porosity may
further improve barrier properties.
3. Nanostructured polymer matrix biocomposites
An important goal for cellulose nanocomposites is nanostructural control. Zhou et
al. introduced a hygroscopic cellulose derivative (hydroxyethyl cellulose [HEC]) in
the water-based culture during bacterial cellulose biosynthesis. The HEC was
adsorbed by the cellulose microfibrils so that each microfibril in the suspension was
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coated by HEC. Vigorous mechanical mixing was used, and a stable suspension of
well-dispersed HEC-coated nanofibers was obtained (Figure 1). The resulting
nanocomposite film with random-in-the-plane nanofiber orientation showed a tensile
strength of 350 MPa, which is much higher than for the neat bacterial cellulose film.
This suggests a new nanostructured concept for cellulose composites. Each
nanofiber is compartmentalized by a thin matrix layer coating, similar to many
biological composites, such as the wood cell wall.

Figure 1. FE-SEM micrographs of freeze-dried BC produced in the presence of
hydroxy ethyl cellulose (HEC) in the culture medium (a) and the control BC (b).
TEM of BC/HEC fibrils (c) and the control BC (d).(e) and (f) are photographs of
0.2%(w/v) water suspensions of samples in (c) and (d) observed between crossed
polarizers at rest.(Zhou et al)
4. Aerogels
Aerogels are a class of materials where the liquid phase of a gel is removed without
substantial shrinkage. One limitation of low-density aerogels is fragility. Freezedrying of wood cellulose nanofiber gels results in low-density aerogels with
considerable mechanical robustness (Pääkkö et al). These aerogels also were
functionalized by a secondary modification step, with a conducting polymer coating.
Recently, cellulose nanofibers coated with a 50-nm conducting polymer layer were
used to form a nanopaper structure that was successfully applied in a low-cost
battery (Nyström et al). These efforts and others such as flexible displays illustrate
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an interesting trend of industrial cellulose utilization expanding to high-tech
applications.
5. Outlook
Materials based on cellulose nanoparticles have properties of great technical and
scientific interest. Improved understanding of nanoscale structure and phenomena is
important for the development of this class of materials. Colloidal behavior,
nanoscale structure, degree of dispersion at different length scales, as well as basic
cellulose understanding, are critical issues where better characterization methods are
needed. For the future, cellulose nanofibers from wood pulp fiber disintegration
offer particular promise as low-cost nanofiber reinforcements. This is based on a
consistent raw material source with an established industrial infrastructure. The
nanopaper and nanocomposites based on wood cellulose nanofiber networks show
high strength, high work-of-fracture, low moisture adsorption, low thermal
expansion, high thermal stability, high thermal conductivity, high optical
transparency, and also exceptional barrier properties. More sophisticated bioinspired
composite nanostructured systems of high strength also have been introduced, where
the cellulose nanofiber is compartmentalized by a thin coating of polymer matrix.
Finally, bioinspired foams and low-density aerogels have potential in hightechnology applications.
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Small- and wide angle x-ray scattering (SAXS/WAXS in combination with micro- and
nanofocussed x-ray beams is a powerful tool to investigate materials’ properties from the
nanoscale to the large scale domain, from thin films to bulk materials, from processing to the
working application. In case of novel materials, a multitude of routes is conducted. The range
of research covers catalysis, organic electronics and photovoltaics, sensors and new
construction materials. Coming from bulk materials, synthetic and biopolymeric
nanocomposites with superior properties are observed in real conditions. Going to thin films,
catalytic reactions and the working of organic photovoltaics can be investigated. I present
selected examples focusing on processing technology and device performance, especially
showing the strength of SAXS/WAXS in terms of real-time and in-situ studies, ranging from
microfluidics to deformation.
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1. Introduction
The development of novel materials is of utmost interest in many fields of
science and technology, ranging in materials science of from thin films to bulk
materials. To tailor the materials’ properties, it is crucial to follow directly from
processing technology to the operation of the final full device. From this road,
selected examples will be presented here.

2. The bulk case – deformation of polymers
In order to investigate the nanostructural response of materials under load, SAXS
and WAXS, often combined with micro- or nano beams, is readily employed. This
includes industrially relevant homopolymers [1,2], biomaterials [3] and composites
[4]. Concerning fibres, nanofocus beams allow for resolving skin-core structures,
thereby relating these to their mechanical properties [5].
As one result, focusing on µSAXS, we have investigated the resulting crack
pattern under cyclic bending [1]. As we have shown, the cracks and crazes are
strongly elongated and moreover show not only a distribution in size, but also in
orientation. The mean orientation, however, is still perpendicular to the expected
direction perpendicular to the applied force vector.
Recently, at the MiNaXS beamline P03 [6], we employed fast deformation of
polymers to follow the crystallinity during stress and strain of rubber materials [5].
As a result, it was shown, that the crystallinity follow the cyclic deformation. In
future, such experiments can be used to follow even a single crack in-situ to get a
deeper insight in fracture mechanics.

2. The thin film case – in-situ deposition
Thin films are very important for modern devices like sensors, organic
electronics and photovoltaics, as well as magnetic data storage. Here, the device’s
performance depends crucially on the thin film interface and morphology. In the
production of such a device, usually several coating steps, including fluidic and
vacuum deposition, are employed [7]. The virtue of grazing incidence small- and
wide angle x-ray scattering (GISAXS/GIWAXS) is to allow for millisecond time
resolution in combination with high-spatial resolution, thereby following structure
formation from the atom or molecule to the large scale domain.
Coming from the backend of an organic photovoltaic cell, the metal contact and
its interface to the active layers is needed to extract the electric current. Therefore,
we extensively investigated the metal deposition in-situ on organic functional thin
films to gain deeper understanding of the growth of the metal nanocluster layer.
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Here, we employed different methods. Firstly we combined GISAXS and in-situ
sputter deposition. Metal atoms vacuum-deposited on an organic substrate form a
metal nanocluster layer in a multi-stage process [8]. Depending on the substrate and
the metal, different growth regimes are possible [9,10]. These processes can be
followed in a time-resolved manner using microbeam GISAXS, and I will give an
overview over the different investigations. In general, while noble metals like Au
follow a cluster growth, reactive metals such as Co and Al show a more layered
growth.
From the fluidic side, important methods like dip-coating [11], solution casting
and spray deposition are employed. All have been investigated in-situ using
microbeams [12] and nanobeams [13] in combination with GISAXS. Here it is of
special interest to combine imaging ellipsometry in-situ with GISAXS, which allows
to extract optical constants in-situ during annealing [14] and drying processes [13].
This enables us to correlate the nanostructural changes with the (macroscopic)
changes in optical properties. Recently, we achieved to observe the growth of a
nanoparticle electrode on top of a functional polymer using µGISAXS and in-situ
spray-deposition [16], with high time and spatial resolution.

3. Summary
We presented a selective overview over different process technologies
investigated with SAXS and WAXS as well as GISAXS. The main virtue here is the
small beam size in combination with high temporal resolution.
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The ESS is currently planning a next generation spallation neutron source
to be built in Lund, Sweden. The 5MW source with a repetition rate of 14Hz is with
a pulse duration of 2.86ms designed to be a long pulse source. The unique source
parameters also trigger unique instrumentation solutions in order to take maximum
advantage of the powerful source for all kinds of instruments. A straw-man suite of
22 instruments to be built at the ESS is currently under intense investigation and first
concepts enter the selection phase. Among those are several interesting to the
science topic of this science symposium.
The combination of the high source brilliance and unique instrument solutions is
foreseen to push the boundaries of science that is currently feasible through the
utilization of the unique probe, which neutrons represent for large number of
applications. Envisaged efficiency gains up to more than an order of magnitude will
allow for smaller samples, more irregular or sophisticated and hierarchical structures
as well as faster kinetics or slower dynamics in systems to move into the focus of
neutron scattering.
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1.

An Instrument Suite for the ESS

A total of 22 public instruments will be built at the ESS to serve the neutron user
community, with the aim of having the initial seven instruments coming online with
the first neutrons in 2019, and the full suite installed in 2025. A 22-instrument
reference suite has been composed which addresses the science drivers outlined in in
the ESS science case, while showcasing the expected capabilities of ESS, and also
serving as a basis for the costing and planning of the facility. The reference suite is
summarized in Table 1, with the corresponding layout shown in Figure 1. It focuses
on the natural strengths of the long-pulse concept in order to maximize the scientific
output, while addressing a broad science base and employing state-of-the-art
instrument techniques.

Figure 1: Neutron beamline and instrument layout of the reference instrument suite.
Around 40 instrument concepts are currently in various stages of conceptual design
by ESS scientists and our scientific partners around Europe. The reference suite
described here represents a subset of these concepts. The choice of which
instruments will actually be built at ESS takes place as an ongoing process in which
two to three instrument concepts are selected every year, starting in 2013. The aim
of taking such a staged approach to choosing the instruments is to remain engaged
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with the European user community and to choose instrument designs which are
state-of-the-art and scientifically relevant when they enter user operation. The
reference suite described here therefore does not and cannot represent the precise
instrument suite which will actually be built, as the process of choosing instruments
for construction has only just begun at the moment of writing this abstract. Instead,
the goal is to provide a vision of the instrumentation capabilities which would be
possible at ESS in order to address the scientific challenges in many areas but also
the one this specific issue and science symposium deals with, and to outline their
conceptual design and expected performance.
2. Design drivers for the reference instrument suite
A number of key instrument themes can be identified, mapping the science drivers
onto the instrumentation opportunities presented by the long-pulse concept:
1. Flexibility Many of the problems which the ESS will address require the
measurement of structures or dynamics over several length- or time-scales. Being
able to tailor the resolution and bandwidth of the measurement to the sample
behavior is key. The long-pulse concept is inherently advantageous for designing
such flexibility into the instrument performance. The resolution is often set by
controlling the opening time of a pulse-shaping chopper, instead of being hard-wired
into the moderator line- shape as is the case for instruments at a short-pulse source.
The systematic use of repetition-rate multiplication and wavelength-frame
multiplication allows the full time-frame to be used, while tailoring the bandwidth of
the measurement to the requirements of each experiment.
2. Small sample volumes By designing the instruments to probe smaller volumes
than can be reached now, it will be possible to measure materials which are only
available in small quantities, which is often the case for newly-developed materials
and for biological and soft-matter systems where increasing sample volumes can
become prohibitively costly or time-consuming. It will also be possible to scan for
local variations across larger samples, for example when measuring systems under
flow, and to reach more extreme conditions using complex sample environment,
such as high pressure or high magnetic fields. The high flux of the ESS is ideally
suited for accessing small sample volumes, particularly when combined with the
latest advances in focusing optics.
3. Polarized neutrons The inherent strengths of neutrons in being able to see
hydrogen atoms and magnetism can be vastly enhanced by manipulating the neutron
spin. This has applications throughout biology, soft matter, chemistry and physics.
The use of polarized beams and polarization analysis allows the unambiguous
separation of structural, magnetic and incoherent scattering contributions. The high
brightness of the ESS will allow this inherently flux-demanding technique to be
applied to all the instruments which need it.
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4. Cold and bispectral neutron beams Biological and soft-matter systems, as well as
many areas within hard condensed matter, need cold neutrons to elucidate their
structure and dynamics. The ESS source brightness and time structure is particularly
well suited to cold neutrons, providing high flux and a wide dynamic range. The
dynamic range is especially important for hierarchical systems and other systems,
which need to be covered over multiple length or time scales. Instruments using a
bispectral extraction system, will be able to access an unprecedented dynamic range.
The spectral brightness of thermal neutrons will also be world-leading.
Instruments optimized for a long-pulse neutron source are in many ways
intermediate between those on a short-pulse source and those on a continuous
source. Short-pulse instruments benefit from the high peak brightness of the short
pulse, but must try to match their requirements to the time-widths imposed by the
choice of moderator. Time-of-flight instruments at continuous sources have
complete freedom to choose their time structure using chopper systems, but have to
live with the inherently lower peak brightness imposed by their sources. A
comparison of the peak brightnesses of the world’s leading neutron facilities is made
in Figure 2. Instruments at the ESS long-pulse source have design freedom which is
less limited by the time-structure of their source than instruments at short-pulse
sources, but benefit from a similarly high peak brightness, combined with a timeaverage brightness which is much higher than any short-pulse source, while
retaining much of the flexibility of the continuous-source instruments.

I nst r um ent nam e
Mult i-Purpose Imaging
General-Purpose Polarized SANS
Broad-Band Small Sample SANS
Surface Scat t ering
Horizont al Reflect omet er
Vert ical Reflect omet er
T hermal Powder Diffract omet er
Bispect ral Powder Diffract omet er
Pulsed Monochromat ic Powder Diffract omet er
Mat erials Science & Engineering Diffract omet er
Ext reme Condit ions Inst rument
Single-Cryst al Magnet ism Diffract omet er
Macromolecular Diffract omet er
Cold Chopper Spect romet er
Bispect ral Chopper Spect romet er
T hermal Chopper Spect romet er
Cold Cryst al-Analyser Spect romet er
Vibrat ional Spect roscopy
Backscat t ering Spect romet er
High-Resolut ion Spin Echo
Wide-Angle Spin Echo
Fundament al & Part icle Physics

L engt h
50+ 10m
30+ 20m
20+ 10m
30+ 15m
27+ 3m
52+ 6m
156+ 2m
75+ 1.5m
46+ 4+ 2.5m
156+ 2m
156+ 4m
156+ 1m
156+ 1m
156+ 4m
25+ 4m
156+ 4m
156+ 3m
60+ 1m
156+ 5m
30+ 5m
50+ 4m
70+ 30m

Table 1: Instrument names and lengths, as shown in Figure 1. Where the length is
expressed as a two-term sum, the first term is the moderator-sample distance and the
second term is the sample-detector distance.
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Figure 2 Single-pulse source brightness at a wavelength of 5 A
̊ at ESS, ILL, SNS JPARC and ISIS Target Stations 1 and 2. In each case, the cold moderator with the
highest peak brightness is shown.

Figure 3 indicates the coverage of length- and time-scales accessed by the reference
instrument suite. They are grouped into the instrument classes described above,
indicated by the colored areas in the plot. A selection of the scientific areas
addressed by the various instrument types is also indicated, illustrating the mapping
between scientific needs and instrumental capabilities. Also shown are the
analogous areas for selected complementary techniques, such as microscopy and
synchrotron x-ray scattering.

