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Investigation Methods for Characterizing Nanoparticles in Concrete

Douglas Hendrix', Nabil Bassim?, Kay Wille®

Synopsis There is significant potential for the use of nanoparticles in cementitious materials, especially in ultra-high
performance concrete. These nanoparticles can further increase packing density, accelerate the pozzolanic reaction
or can be used to induce new properties to the material, such as air purification or self-cleaning. Little is known
about the interaction mechanisms between nanoparticles in cementitious materials, including their dispersion
quality. The characterization of these nanoparticles can be challenging, especially when these nanoparticles interact
with cementitious materials and their reaction products during hydration. Thorough characterization of the
nanoparticle system is essential to understand how to optimize mixing constituents, procedures, and parameters.

This study explores the feasibility and potential use of several characterization methods for investigating colloidal
nanosilica in a concrete environment. These techniques include dynamic light scattering, zeta potential, atomic force
microscopy, scanning electron microscopy, cryogenic SEM, and focused ion beam microscopy. These methods
allow for characterization of nanoparticles, nanoparticles interacting with pore solution that represents a concrete
environment, nanoparticles interacting with polymers used as superplasticizers, and nanoparticles interacting with a
cementitious material. These tools allow for studies on the nano-length scale at short times to observe and measure
parameters such as particle size distribution, polydispersity index, and zeta potential.
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INTRODUCTION

There is an ever-growing desire to improve material properties such as strength, toughness, ductility, and
density. These are driven by a variety of factors including cost reduction and environmental concerns. The concrete
industry is no exception to this. The strength of concrete has increased dramatically over the past decade, resulting
in a type of concrete known as ultra-high performance concrete (UHPC)."® UHPC is defined as having a minimum
compressive strength of 150 MPa (22,000 psi).* With the use of fibers, UHPC can possess high strength and high
ductility simultaneously.”” UHPC achieves these properties through increased particle packing and increased
pozzolanic reactions.® '

The desire to further push the limits of UHPC has led to the use of nanoparticles in the cementitious matrix.
It is hypothesized that nano-sized particles can further enhance the particle packing and contribute to the pozzolanic
reaction."*'® Implementation of nanoparticles in cementitious materials has proved to be challenging due to several
factors including their high surface area to volume ratio, resulting in large surface energies.'” " These surface
energies often result in agglomeration of nanoparticles, as their attractive forces are much greater than their
repulsive forces. It is a challenge across many disciplines to achieve a uniform and stable dispersion of
nanoparticles.”* This is also the case in cementitious materials which have a high pH and many different ions
dynamically reacting in the system.** ¢

The characterization of nanoparticles is critical to understanding how they react in a cementitious material.
There are many methods available for the study of nanoparticles, often found in the materials science, chemistry,
and electronics disciplines. A further challenge is studying these particles in a cement-based material. Since concrete
is one of the most complex materials systems to study, introducing highly reactive nanoparticles into the system
only complicates matters.”"*

Researchers have attempted to study nanoparticles, the effects of superplasticizers, and how these affect
concrete properties.”* > There are a variety of techniques that have been used to study nanoparticles, such as forms
of electron microscopy, laser light scattering, scanning probe microscopy, x-ray microscopy, Fourier-transform
infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), nuclear
magnetic resonance (NMR), and many more.”>** There has been a desire to bridge the gap between macroscopic
properties of concrete in the civil engineering field down to the nano-scale materials properties and interactions in
the materials science arena.

This study compares several characterization techniques that are useful in the study of nanoparticles,
nanoparticles interacting with superplasticizers, and nanoparticles in cement-based systems. Techniques investigated
were dynamic light scattering (DLS), zeta potential ({p), scanning electron microscopy (SEM), cryogenic SEM
(cryoSEM), focused ion beam (FIB), and atomic force microscopy (AFM).

MATERIALS AND METHODS

Nanoparticles

The nanoparticles used in this study were colloidal silica. Colloidal silica was chosen over powdered silica
because colloidal silica is already uniformly dispersed in solution. Four different sols of varying average diameters
in different stabilizing ions were used: 5 nm (1.97x107 in) with ammonium (NS-5), 20 nm (7.87x107 in) with no
stabilizing ion (NS-20a), 20 nm with sodium (NS-20b), and 75 nm (2.95x10° in) with sodium (NS-75). A full list of
materials properties as provided by the manufacturer are in Error! Reference source not found..

Table 1— Properties of nanosilica sols. 5 nm = 1.97x107 in. 100 m*/g = 7.03x10"in*/Ib. 10 cP = 5.60x10™Ib/in s

NS-5 NS-20a  NS-20b NS-75

Particle Size (nm) 5 20 20 75
Surface area (mz/g) 600 150 150 40

% SiO, 15 34 50 40

pH 9.0 2.8 9.0 8.4
Specific Gravity 1.09 1.23 1.39 1.29
Viscosity (cP) <10 <10 55 10
Stabilizing Ion Ammonium - Sodium Sodium
% Na,0O 0.02 0.04 0.40 0.30
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Dynamic Light Scattering

DLS was used extensively for the characterization of the NS sols. DLS was used to determine the particle
size distribution (PSD) of the sols under various conditions. DLS measures the changing intensity of scattered light
from particles under Brownian motion in a suspension. By analyzing this data, a variety of measurements can be
made including PSD. DLS measurements were performed on a commercially available system using disposable
polystyrene cuvettes at room temperature (25°C, 77°F). Samples were prepared within one hour of measurement and
were equilibrated at this temperature for 30 seconds before measurement. The dispersant (water) properties were set
to a viscosity of 0.8872 cP (4.953x107 Ibs/in s) and a refractive index of 1.330. The material absorption coefficient
was set to 0.001 and their refractive index to 1.50. The angle of detection was 173°. Three measurements were
performed for each sample at 11 runs per measurement, 10 seconds per run. All data reported are the mean of the
corresponding three measurements.

DLS allows for in situ measurements of nanoparticles in a variety of suspensions. The effects of pH, ionic
concentration, and others can be quickly quantified using DLS. Sample preparation requires no specialized
equipment and small volumes of sample are sufficient. However, since DLS requires samples to be in a suspension,
the chemistry must represent the system the nanoparticles will be introduced to. The equipment has restrictions
based on particle size and cannot analyze particles larger than about 1 um (3.94x107 in). The particle size
distribution also cannot be polydisperse.

Zeta Potential

{p was used as an additional method to quantify the stability of the sol. (p is a measure of the electrostatic
potential between particles. A greater magnitude of (p indicates a better stability, compared to a lower value which
could indicate partial or no stability. Generally, {p greater than 30 mV indicates good stability while values less than
this can lead to destabilization and agglomeration. {p was done using a dip cell accessory in the same DLS system.
{p was performed immediately after DLS in the same sample cuvette. Four measurements were performed for each
sample at 30 runs per measurement. The remaining parameters were kept consistent with those from DLS.

Samples for both DLS and {p were prepared using the NS sols, DI water, aqueous 0.1M potassium
hydroxide (KOH), calcium nitrate (Ca(NO;), 4H,0), and a synthetic pore solution (PS) as outlined by Schrofl et. al
(9.72 g (0.34 0z) Ca(NOs),-4H,0 dissolved in 148.5 g (5.24 0z) of 0.1 mol/L aqueous KOH solution).” A variety of
parameters were explored including varying the solids concentration, pH, and amounts of PS. The PS was filtered to
0.1um (3.94x10° in) before use.

{p has all of the same advantages and disadvantages as DLS. In addition, {p can be easily influenced by the
pH of a solution. For most nanoparticle systems, {p accurately predicts stability. However, this can break down in a
silica system at low pH.

Electron Microscopy

Two methods were used to visualize nanoparticles in a cementitious material: cryoSEM and FIB sectioning
with SEM imaging. For cryoSEM, samples were prepared by plunging into a liquid nitrogen slush, fractured, etched,
and sputter coated with Au/Pt. NS sols, a superplasticizer (SP), and a cement paste containing white Portland cement
(Type I, ASTM C150) and NS-75 were imaged. The cement paste was mixed in an acoustic mixer at an intensity of
50% for a total mixing time of 300 seconds. The time between initial hydration and freezing was 1 hour.

Dual-beam FIB & SEM were used to visualize the microstructure in three dimensions. The sample
contained Al,O; nanoparticles (similar in size to the NS sols) in a high performance concrete mix. A Plasma FIB
equipped with a xenon source was used to perform serial sectioning tomography of 150 um x 100 um x 40 um
(5.91x107 in x 3.93x107 in x 1.57x107 in) volume with a slice depth of 50 nm (1.97x107 in) . Images were
acquired in backscatter mode at 2 keV. The voxel resolution was 50 nm x 50 nm x 50 nm (1.97x10° in x 1.97x10°
in x 1.97x10°® in).

Electron microscopy is a versatile technique to study a variety of materials. It offers imaging on a large
length scale, with an ultimate lateral resolution of about 1 nm (3.94x10™® in. It has a large depth of field and accepts
a variety of sample sizes and geometries. However, most electron microscopy techniques require the sample to be
electrically conductive. To mitigate this, samples can be coated with a thin conductive layer. Electron microscopy is
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commonly done in a high vacuum so samples must be free of moisture. Organic materials are also susceptible to
damage from the electron beam.

Atomic Force Microscopy

AFM was used to image the NS sols, NS interacting with SP, and a UHPC sample. A silicon probe with a
160 um (6.30x107 in) long cantilever was used with a resonance frequency of 300 kHz and a spring constant of
26 N/m (230 in/lbs). All imaging was done in air in intermittent contact mode. NS samples drop cast on a glass
slide. The UHPC sample was lightly ground with 800 grit SiC paper for 90 seconds. Several AFM modes can be
used to characterize nanoparticles, especially in cement-based systems. For example, Ferrari et al measured the
interaction forces between nanoparticles and pore solution.** Others have studied the hydration structure and
morphology containing nanosized particles.*” The authors plan on studying the forces between nanoparticles and
various superplasticizers using AFM to further understand the dispersion mechanisms.

AFM can characterize a wide variety of materials with excellent lateral and spatial resolution. In addition to
topography, AFM can measure may other properties such as electrical conductivity, magnetic domains, and
biological properties. However, AFM generally requires small sample sizes. Samples also must be relatively
smooth, often less than 10 um of surface roughness.

RESULTS AND DISCUSSION

Nanoparticle Characterization

In order to characterize nanoparticles in a cement-based system, it was necessary to first characterize the
nanoparticles alone. This was accomplished by using DLS, SEM, and AFM. This proved to be a quick and simple
method to determine particle shape and size. Shown in Figure 1, NS-75 was imaged with SEM and AFM. It is
apparent that these particles are spherical in shape with particle sizes between 65 nm and 90 nm (2.56x10 in and
3.54x107 in). These two methods are relatively straightforward to image nanoparticles of this size. However,
imaging particles of smaller sizes (< 20 nm (7.87x107 in)) becomes more difficult. In AFM, resolution is ultimately
limited by the probe geometry and tip radius. It becomes more difficult to resolve individual particles on this length
scale. SEM is also limited in its capabilities for imaging small nanoparticles. Resolution is limited by the spot size of
the electron beam and the interaction volume of the electrons in the material. Some of these challenges with imaging
particles less than 20 nm (7.87x107 in) can be overcome with more advanced equipment and technique, but for
intermediate sizes, these two methods are sufficient.

During sample preparation for standard use cases of SEM and AFM, it proved to be difficult to isolate
individual nanoparticles. As apparent in Figure 1, the nanoparticles are agglomerated and very few isolated particles
are observed. This observation is due to the effects of drying in ambient conditions on the NS sols. The removal of
water eliminates the electrostatic repulsion between particles. SEM and AFM were also used to qualitatively observe
the interaction of nanoparticles and a superplasticizer. Both techniques produced qualitatively similar results, where
the nanoparticles formed long chains and rings as a result of the interaction with the superplasticizer. CryoSEM can
mitigate drying effects, as the samples are rapidly frozen, preserving the microstructure and minimizing sample
artifacts. Then the ice is sublimed to reveal the microstructure. CryoSEM was used to visualize the nanoparticles and
the interaction between nanoparticles and superplasticizer, depicted in Figure 2. Again, qualitatively similar images
were observed and compared to SEM and AFM.
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Figure 1 — Images of NS-75 with A) SEM and B) AFM showing their spherical morphology and their tendency to
agglomerate. 200 nm ~ 7.87x10° in.

Figure 2 — cryoSEM image of agglomeration of NS-75 with a superplasticizer. The structure of the polymer is
visible on the left while the nanoparticles are in the upper right. 1 pm =~ 3.94x107 in.

To quantitatively study the PSD and stability of the NS sols, DLS and {p were used. DLS can be sensitive
to several parameters such as sample concentration, particle size, and sample temperature. For these reasons, a range
of sample concentrations were employed, from 0.2% solid through the solid concentration of the as received state.

41



SP-335: Nanotechnology for Improved Concrete Performance

As reported by the authors elsewhere (under submission), the ideal concentration for the NS sols was 2% solid.
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Figure 3a is the PSD for NS-20b at 2% solid. This is an example of a monomodal distribution of particles,
with the z-average size reported as 24.7 nm = 0.2 nm (9.72x10” in + 7.87x10” in). From DLS, a discrete
distribution of sizes can be obtained. This is important for understanding how the particles might react with cement-
based systems because factors such as particle packing can be important. A complimentary technique to DLS, {p,
was used to determine the stability of the NS sols. At 2% solid, the {p was -43.4 mV + 0.4 mV. This indicates a
stable sol as the magnitude of the electrostatic potential is sufficient to keep particles from agglomerating.
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Figure 3 — Plot of a) PSD of NS-20b at 2% solid in DI water and B) average size and zeta potential as a function of
the concentration of synthetic PS. X's indicate agglomeration and complete instability. 10 nm = 3.94x107 in.

Nanoparticles in Cementitious Material Characterization

A major challenge of current concrete research is the ability to observe nanoparticles in a cement-based
system. In efforts to understand what happens to nanoparticles in concrete, experiments were conducted to best
simulate the concrete environment. Using DLS and {p, the interactions of nanoparticles could be studied. Using this
methodology, samples were able to be rapidly created and tested with less sample volume and waste. Synthetic pore
solution was used to represent the concrete environment, comprised of KOH and Ca(NOs;),. The individual
components were added to NS sols in varying concentrations to understand how certain ions reacted with NS. Then
PS was added to NS sols, again in varying concentrations. The PSD and {p were measured throughout. As PS
increased in concentration, up to its maximum concentration, the average particle size increased and the (p
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decreased, indicating that with increasing ionic strength and pH, the sols become less stable and begin to
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agglomerate.

Figure 3b is a plot of {p and average particle size as a function of PS concentration. At a concentration
higher than 7.81x10™* M, the NS agglomerates rapidly and becomes unstable, as indicated byXs. It is hypothesized
that this same effect will occur when the NS is put into a concrete mix, which would lead to significant
agglomeration and decrease the effects of particle packing.

Figure 4 — cryoSEM images of a cement paste sample containing NS-75. The inset (B) shows individual
nanoparticles on a cement grain, highlighted by red arrows. 1 pm ~ 3.94x107 in.

It is important to observe the nanoparticles in a cement-based system to correlate data from the synthetic PS
experiments. The concrete microstructure was observed using three techniques: cryoSEM, FIB/SEM sectioning, and
AFM.

CryoSEM has the unique ability to stop hydration at a very specific time to observe time-dependent effects.
Figure 4 is an image of a cement and NS sample at a time of 1 hour after initial hydration. The sample components
were kept minimal in order to best observe the nanoparticles. The time of hydration was also kept short because NS
can be consumed by the hydration products of cement. From the figure, it is apparent there is a range of cement
particle sizes, from about 2 to 10 um (7.87x107 in to 3.94x10*in). In Figure 4b, NS particles are observed on a
cement grain and in the aqueous matrix surrounding the cement, highlighted by red arrows. In these images, the
darker background typically indicates ice that had not been sublimated. Most of the particles are agglomerated,
which confirms the findings from DLS. Nanoparticles were also not observed everywhere, indicating further
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dispersion issues. CryoSEM will be a powerful tool to observe the evolving microstructure and to study the effect of
nanoparticles on a very small length and time scale.

Aggregate
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Unreacted cement
(lighter)

Pores — Pores
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Crack

Figure 5 — a) A BSE SEM image from a FIB serial section tomogram, b) the 3d volumetric reconstruction of the
data and c) threshold segmentation of the pore/crack network within the volume. 60 pm = 2.36x10 in.

In addition to observing the microstructure at short times, it is also important to understand the developed,
mature microstructure. As stated earlier, this can be difficult with traditional optical and electron microscopy. These
two methods only allow for surface imaging and may not be representative of the entire structure. Through the use
of FIB serial sectioning, tomographic data was collected to understand the microstructure in three dimensions.
Figure 5a is an SEM image of one slice from the dataset. There are many different phases, components, and
structures of this concrete sample containing Al,O3 nanoparticles, silica fume, and sand. The Al,O5 nanoparticles are
of similar size to the nanosilica used. The authors’ best efforts to identify the phases are highlighted on the figure.
Since imaging occurs in a larger volume, this data can be reconstructed into a 3D volume, demonstrated in Figure
Sb. This helps to visualize the microstructure as features are no longer limited to two-dimensional viewing. One
example is the use of thresholding to find the pores and cracks within this volume, show in Figure 5c. The
distribution of distinct phases can also be quantified and visualized in the 3D volume. FIB can polish the sample
surface with minimal mechanical damage, enabling the maximum contrast from BSE SEM imaging. Traditional
polishing techniques can be destructive, difficult to implement, and time consuming. FIB can also be used for
higher-resolution transmission electron microscopy (TEM) sample preparation to further study the nanoparticle-
matrix interaction.

AFM of concrete surfaces is a technique that is not often used because AFM requires samples to be
relatively smooth. However, AFM has a large potential for characterizing the microstructure of concrete. Figure 6 is
a topographic image of a UHPC surface. There are scratch marks from mechanical polishing clearly visible in the
image. This is an example of how polishing techniques can be destructive and difficult. From this simple
topographic image, it is apparent that there are many interesting structures visible. There are small voids and pits in
the material of varying shapes and sizes. There are also regions of small protruding features. Further work to
understand the microstructure is ongoing. From the various data channels that intermittent contact mode can
provide, such as phase, material contrast can be observed between different phases of the concrete material. This
high-resolution technique can allow for characterization on very small length scales with nanometer vertical
resolution.
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Figure 6 — Topographic AFM image of UHPC. 3 pm ~ 1.18x10™in. 85 nm = 3.35x10in.

CONCLUSION

In this study, several characterization techniques were studied for their efficacy in studying nanoparticles in
cementitious materials. These techniques can be applied to a wide range of materials and have the ability to observe
different length and time scales which are important to further understand particle behavior in cement-based
systems. In order to further increase concrete strength, durability, and other desirable mechanical and functional
properties, a larger effort must be placed on the materials science of this complex materials system.

In conclusion:

SEM and AFM are excellent tools for quickly visualizing the shape and size of nanoparticles of similar
diameter to those used in this study.

DLS and {p are simple tools to identify NS sols and polymers that might work well in a concrete mix. It
allows for rapid sample creation and testing that can provide a wealth of information regarding the behavior
of particles in a certain environment. A synthetic PS was used to simulate the concrete environment to
observe the stability and agglomeration of NS.

CryoSEM is a versatile tool for exploring NS sols, NS sols interacting with polymers, and a variety of
cementitious materials. It has the distinct ability to image the microstructure at discrete hydration times.
Samples can contain water and do not have artifacts from drying. Agglomerated NS particles were clearly
observed on cement grains.

FIB and SEM are a powerful combination of methods to explore concrete microstructure in three
dimensions with high spatial resolution. The ability to view a tomographic dataset provides a greater
understanding of a material and can provide insight about microstructures. A concrete sample containing
Al,O; particles was imaged and the nanoparticles were clearly visible in the microstructure.
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