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Characterization of particle dispersion and volume
fraction in alumina-filled epoxy nanocomposites using
photo-stimulated luminescence spectroscopy

Amanda Stevenson, Ashley Jones and Seetha Raghavan

A novel method is presented to validate the dispersion of a-alumina nanoparticles within a polymer matrix, as well as to create

a calibration for filler particle volume fraction identification. Using photo-stimulated luminescence spectroscopy (PSLS),

spectral information from a-alumina-filled epoxy nanocomposites consisting of varying volume fraction quantities of alumina

nanoparticles was collected and analyzed. Surface contour maps of each nanocomposite were created by comparing integrated

intensity data from the R1 curve of a-alumina throughout each specimen. These maps show satisfactory dispersion of

alumina in the 5 and 25% volume fraction composites, whereas agglomerations were detected in various regions of the 38%

nanocomposite, establishing the capability of this method to characterize photo-luminescent particle dispersion. This new

approach also provides high spatial resolution, which can be used to determine the exact locations of voids, inclusions and/or

agglomerations, while also predicting the volume percentage of photo-luminescent particle content within a specimen, lending

itself as a quality control method in the manufacturing of these composites.
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INTRODUCTION

Thermosetting polymers, such as epoxy resins, are currently being used
in aerospace applications because of the ease for which their molecular
structure can be modified, as well as their ability to sufficiently bond
with various filler materials.1 Typically, un-reinforced epoxies show
poor resistance to crack initiation and propagation.2 As a result, epoxies
are commonly reinforced with filler particles, or modifiers, that alter
their molecular structure by increasing the already dense cross-linked
network structure of the epoxy, resulting in improved mechanical
properties, such as strength, stiffness and toughness.
Recent research has indicated that using nano-sized particles

improves the stiffness, strength and toughness of a polymer without
sacrificing the thermomechanical properties.2,3 In addition, nanopar-
ticles have a higher specific surface area than micron-sized particles, as
more of these particles can be integrated within a specific volume,
enabling an overall increase in the mechanical properties of the
matrix.1,4,5 Commonly embedded nanoparticles include aluminum
oxide,6–8, calcium silicate6 and titanium oxide.6,9 With the improve-
ment in mechanical properties, these nanocomposites have applica-
tions as ballistic materials with high-impact resistance.10,11 Owing to a
high dielectric strength, alumina-filled epoxy composites are also used
in high-voltage applications, such as the encapsulation of ferroelectric
elements for shock depoling.12

Despite their growing usage, however, the manufacturing process
for these materials is complex and the repeatability of the material
configuration has limited control. Some of the challenges in the
polymer–particle fabrication process include ensuring uniform parti-
cle dispersion and accurately controlling the volume fraction or weight
percentages of the fillers during manufacturing. For optimized
mechanical properties, a homogeneous dispersion of particles must
be present, coupled with the non-existence of inclusions, agglomera-
tions or aggregates, as these material flaws can contribute to stress
concentrations and lead to premature structure failure. Ensuring that
the desired amount of modifier is added to the matrix is also an
important aspect of the design process, as this quantity directly affects
the mechanical properties of a specimen and determines the cross-link
density of the matrix.
Although the primary focus of integrating filler particles into an

epoxy resin is improvement of mechanical properties, implementing
particles, which are also photo-luminescent can offer additional
benefits by exploiting their spectral properties. The spectral properties,
as described in this work, provide a means of evaluating particle
dispersion and volume fraction percentage within a specimen. One
such filler material that offers both of these advantages is aluminum
oxide, known as alumina. Previous a-alumina luminescence applica-
tions include the monitoring of pressure in diamond anvil cells,13 the
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determination of stresses in polycrystalline ceramics14–16 and alumina-
filled composites for electronic applications,17 as well as the integrity
assessment of thermally grown oxide of thermal barrier coatings18–21

on jet engine turbine blades.
Here, a new method is validated, using alumina-epoxy nanocom-

posites, to verify the homogeneous dispersion of photo-luminescent
filler particles and to create a calibration for determining particle
content within a polymer matrix. Spectral information was collected
from the composites and the integrated intensity parameter was
compared to generate contour maps that visually displayed differences
in the alumina content throughout the surface. This technique
provides surface maps with a high spatial resolution of a few microns,
dependent upon both the number of spectral collection points and the
objective magnification.

Spectral relationships
The spectral properties of alumina have been previously exploited for
their ability to evaluate the stress of a material. Using a method known
as piezospectroscopy, stress-induced shifts of the characteristic R-lines
present in the emission spectrum of chromium-doped alumina can be
directly correlated to stress. Although piezospectroscopy specifically
uses the peak positions of the R-lines for stress measurement, photo-
stimulated luminescence spectroscopy (PSLS), in general, can measure
other spectral properties such as the integrated intensity of the R-line
curves, studied here for its capability to assess the dispersion and
volume fraction of particles. This characteristic is defined as the area
under each R-line curve and is a direct measure of the energy emitted
from the chromium ions that reside within the alumina lattice, shown
in Figure 1. As these chromium ions are excited by an external source
such as a laser, they release photons because of the transition from
higher energy levels back to ground state. The emitted photon energy
can be quantified using the following equation:

E ¼ hv ð1Þ
where E is the energy of the photon (J), h is Planck’s constant
(6.63�10�34 Js), and n is frequency (Hz or s�1).

EXPERIMENTAL PROCEDURE

Materials
The photo-luminescent filler material used in this work was a-alumina

nanoparticles having an average crystal size of 40nm and an average particle

size of 150nm. Transmission electron microscopy images were captured to

validate particle size and geometry, as seen in Figure 2. The alumina particles

and aggregates were determined to have size distributions ranging from

approximately 50 to 500 nm, having amorphous configurations. These particles

were of 99.85% purity, providing sufficient chromium-content within the

alumina. Owing to low room temperature viscosity, long working life and

low moisture absorption, Epon 862 and Epikure W were selected as the resin-

curing system.

Fabrication and manufacturing of alumina-filled epoxy
nanocomposites
Three different alumina-epoxy nanocomposites were manufactured consisting

of 5, 25 and 38% alumina by volume. This range was established based on

literature indicating that a minimum of 5% volume fraction has a positive

influence on mechanical properties,22 and 43% has been determined to be the

maximum amount of alumina that can be added conveniently to an epoxy,

using standard manufacturing methods, without having a negative effect on the

overall properties of the epoxy.5 The manufacturing procedure was based on

literature describing the addition of alumina fillers in epoxy composites for

mechanical property improvements.11,23–25 For each volume fraction compo-

site fabrication, the epoxy resin, curing agent and a-alumina particles were

initially mixed using a high-shear mixer for the duration of 15min to break up

any agglomerates present, while also dispersing the alumina homogeneously

within the epoxy. Once combined, the material was placed into a sonicator for

B20min to further ensure homogeneity, as well as cause any entrapped air

bubbles to surface for removal. The composite was then placed inside a low-

pressure desiccator–vacuum system for B45min or until no air bubbles were

visible and subsequently transferred and poured into an aluminum mold with

the dimensions 10�6�3.5 inch, which was first prepared with a mold release. A

two-step curing process with duration of 6 h at 54 1C and 16h at 93 1C was

implemented and the specimens were allowed to cool.

The alumina-filled epoxy nanocomposites were cut from the aforemen-

tioned bulk samples. Three samples of each volume fraction were manufactured

Figure 1 (a) Energy emitted from chromium-doped alumina resulting in (b) the R-lines of a-alumina. A full color version of this figure is available at Polymer

Journal online.

Figure 2 Transmission electron microscopy image showing the overall shape

and size of the a-alumina nanoparticles.
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into parallelepipeds having a 4:1 ratio per ASTM D695 in preparation for

mechanical testing. The ratio was chosen to avoid edge effects caused by the

friction between the sample surface and the platen during loading experiments,

which were previously observed in ex-situ studies of compression tests on

polycrystalline alumina of a lower aspect ratio.26 The calibration of PSLS peak

shifts in these separate compression tests of the specimens are reported

elsewhere.27 The final dimensions of the samples included a 1/8�1/8-inch

cross-section and a length of 1/2 inch, shown in Figure 3.

PSLS measurements
To create the high spatial resolution spectral surface mappings, a unique system

consisting of an MTS Insight electromechanical testing system (MTS System

Corporation, Eden Prairie, MN, USA), fiber optic probe, xyz stage and Raman

spectrometer was used to collect luminescence data and is shown in Figure 4.28

The Raman spectrometer was coupled with a green, argon laser, which operated

at a wavelength of 532nm and exerted a maximum output power of 50mW. The

laser beam had the capability of either being directed to an attached microscope

or to a connecting fiber optic probe. The fiber optic probe was coupled with the

Raman system via optical cables and an objective lens of �10 magnification was

used based on the ideal focal distance for our experimental setup. A special

mount to hold the probe stationary was created and attached to the y axis of the

xyz stage, whereas the xyz stage itself was fastened to a platform that was built

and affixed to the base of the MTS machine. The laser dot was initially focused

on the specimen by incrementally moving the probe in the z direction (toward

or away from the sample), while simultaneously collecting spectral data. The

optimal focal distance was achieved when the intensity of the R1 peak was

observed at a maximum value. This focus distance was kept constant for all data

collection areas on that specimen surface. There were a total of 100 data

collection regions per sample surface; 5 points in the x direction and 20 points in

the y direction. The fiber optic probe was set to collect data in the upper left-

hand corner of each surface at the beginning of each mapping and luminescence

data from each region was collected in a ‘snake scan’ pattern, as seen in Figure 5.

Deconvolution and curve fitting of spectral data
Owing to their close proximity to each other, the R-lines produced from a-
alumina overlap and share information. Therefore, to properly analyze the

spectral characteristics collected from the alumina nanocomposites, the raw,

experimental data was processed using a deconvolution and fitting program, as

shown in Figure 6. Throughout this work, a genetic algorithm-based procedure

previously created and used to predict the correct R-line and vibronic sideband

peak positions of polycrystalline alumina29 was implemented on the unpro-

cessed, experimental data. This Matlab-based, genetic algorithm method was

preferred over gradient-based methods, as it has the capability of global

optimization30,31 and performs four main functions to optimize the R-lines:

baseline removal, cropping, separation and recombination. The fitting proce-

dure used two pseudo-Voigt functions32–34 to obtain the following design

variables for each of the R1 and R2 curves: area, line-widths, peak positions and

shape factors (describing the Gaussian and Lorentzian characteristics).35

RESULTS AND DISCUSSION

Integrated intensity maps: particle dispersion verification
The capability of detecting and measuring the R-lines from a-alumina
nanoparticles embedded within an epoxy resin was determined and

verified in this work. Photo-stimulated luminescence readings from all
three a-alumina-epoxy nanocomposites were obtained as shown in
Figure 7, showing strong intensities from the 25 and 38% samples. In
addition, a comparison of R-lines from polycrystalline alumina and
those obtained from the 38% alumina nanocomposite shows that the
overall line shape distribution between the two materials is similar, as
presented in Figure 8.
As previously described in the Experimental procedure section,

independent luminescence measurements were collected from each of

Figure 3 Images showing the size of the nanocomposites (a) as compared with a dime and (b) measured with a ruler. The final dimensions of the a-alumina

nanocomposites were 1/8�1/8�1/2 inch. A full color version of this figure is available at Polymer Journal online.

XYZ stage

MTS Insight

Raman Spectrometer

Figure 4 Unique experimental system used to create spectral contour maps

integrated with a Raman spectrometer, xyz stage and MTS Insight machine.

A full color version of this figure is available at Polymer Journal online.

Figure 5 Schematic showing data collection at (a) laser-probe locations in a

(b) snake scan pattern where data collected is illustrated as (c) an

integrated intensity contour plot. A full color version of this figure is

available at Polymer Journal online.
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the 100 target areas per sample surface. Four spectral parameters of the
R-lines were exploited from the data: peak position, Gaussian dis-
tribution, intensity and integrated intensity. A comparison between
the integrated intensities from each volume fraction nanocomposite is
presented in Figure 7, indicating an evident correlation between
integrated intensity and a-alumina particle content. It was observed
that an increase in particle volume fraction was accompanied by an
increase in the magnitude of the emission intensity. As the concentra-
tion of a-alumina increases, the probability of the incident beam
interacting with a nanoparticle also increases and is governed by the
following equation:

P ¼ Ns ð2Þ
where P is the interaction probability, N is the number of atoms or
ions and s is the microscopic cross-section.
Thus, the overall energy emitted from an a-alumina composite is

directly related to the amount of photo-luminescent particles present.
With this relationship, the homogeneity and/or alumina content
throughout a specimen can be determined.
Spectral contour maps comparing the integrated intensity through-

out the surface of each nanocomposite is shown in Figure 9. Using the
relationship between particle content and intensity magnitude, a
contour map exhibiting a monochromatic color scheme indicates a
homogeneous distribution of a-alumina nanoparticles. Regions exhi-
biting higher intensity magnitudes as compared with other locations
on the specimen indicate the presence of more a-alumina particles
within that localized volume, whereas areas with comparatively low-
intensity values suggest an absence of particles. The high spatial
resolution results indicate large variations in the 5% specimen,

whereas the 25% and 38% specimens displayed slightly smaller
intensity distributions. As there are less alumina particles residing in
the 5%, we would expect there to be regions lacking in particle
content, which would present itself as large-intensity variations as
compared with areas having particles. The distribution of alumina
within the 25 and 38% nanocomposites show deviations in intensity
as well, where the darker regions indicate the presence of more
particles.
In order to provide an initial assessment of nanoparticle dispersion

in the manufactured samples for PSLS measurements, scanning
emission microscopy images were taken for each of the samples and
shown in Figure 10. Using a Hitachi S3500N system (Hitachi Ltd.,
Tokyo, Japan), operated at 20 kV, back scattering from aluminum was
collected to display particle dispersion. The aluminum (contained
within the alumina nanopowder) appears darker than the K-a X-rays,
which are represented by the white regions. Therefore, from the small
collection region illustrated in the images, it was shown that for all
volume fractions, there is a sufficient homogenous distribution of the
particles and the samples were suitable for further PSLS studies.
The use of PSLS to assess particle distribution not only offers an

alternative method to scanning emission microscopy imaging for
dispersion studies but is also non-invasive and provides high spatial
resolution measurements over a larger surface area of measurement.
Furthermore, the need for surface or sample preparation, which can
create surface damage or result in a decrease in the mechanical
properties of a specimen, is not required to obtain photo-lumines-
cence measurements. Ultimately, these spectral-integrated intensity
contour maps using PSLS significantly enhances the ability to assess
the distribution of particles achieved in the manufacturing of these

Figure 6 Deconvolution and curve-fitting process for the R-lines of a-alumina.

A full color version of this figure is available at Polymer Journal online.
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nanocomposites, which is often assumed to be represented by loca-
lized microscopy measurements. Here, the benefit lies in the capability
of this method to display a comprehensive particle distribution

throughout the entire sample, with an accuracy of a few microns in
spatial resolution.

Quantification of particle volume fraction using integrated
intensity
Another important application for contour surface mapping using
PSLS is the capability of determining the filler particle volume percent
of a particular sample. Spectral contour maps were designed to
compare the intensity of all three nanocomposites via one scale,
using the global maximum and minimum values from all specimens.
Comparison of intensity magnitudes on the same scale allows for the
determination of particle content. A specimen containing a low
quantity of particles would have a relative low-intensity magnitude
as compared with a specimen with an increased number of
particles. From Figure 11, it is shown that the 5% specimen has
intensity values at the lower end of the scale, the intensities for the
25% appear in the middle region, and the 38% has intensities at the
top (peak) of the scale. These results were as expected and can provide
a calibration system for the determination of particle content within
specimens.
Figure 12 shows the calibration of alumina volume fraction with the

corresponding integrated intensity values. This relationship can be
explained by applying Beer’s law to describe the behavior of the
collected luminescence due to the interaction between the excitation
source and the matrix. By incorporating Beer’s law, the lumines-
cence of each nanocomposite can be analyzed, predicting that there
exists a relationship between absorbance (and therefore emittance)
and the concentration of the material, as described by the following
equation:

A ¼ � logT ¼ � logðF=FaÞ ¼ abc ð3Þ
where A is the absorbance of the material, T is the transmittance,
a is the absorptivity, b is the path length of the absorption and c
is the concentration of the material that has the absorption
properties.
The nanocomposites configured in this study consisted of epoxy

resin and a-alumina nanoparticles. Only the chromium within the
alumina exhibited luminescent properties measured here. Therefore,
the measured luminescence from the specimens only describes the
behavior of the chromium-doped alumina particles. It can be stated
that the radiant power that is luminesced is proportional to the
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Figure 10 Scanning emission microscopy imaging verifying the alumina

particle dispersion of the 5, 25 and 38% volume fraction nanocomposites.

A full color version of this figure is available at Polymer Journal online.
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amount of power that is absorbed,

FL ¼ kðF0 � FÞ ð4Þ
where f0 is the radiant power of the incident beam, f is the total
power transmitted and k describes the efficiency at which an excited
atom or molecule emits a photon when returning to ground state and
varies by material.
Assuming that the transmitted radiant power is equal to

F ¼ kF010
�abc ð5Þ

and combining Beer’s law with equation (4), the total power
transmitted from a photo- luminescent material is provided as:

FL ¼ kF0ð1� 10�abcÞ ð6Þ

However, the ability to capture the photo-luminescence of these
nanoparticles is altered once embedded within a material of specified
density. Although the photo-luminescent behavior of the chromium
atoms is still governed by equation (4), the number of photons
collected may be less than the actual number of photons emitted,
due to absorbance and scattering that occurs within the material itself.
Photons capable of being collected by a charged coupling device, exit
the specimen in a direction parallel and opposite to the incident beam.
Scattered photons will exit in various directions and are, therefore,
unaccounted for in the measurement. In addition, an emitted photon

may also be absorbed by a material, prohibiting the energy from escaping.
Our results in Figure 12 show a calibration for three different known
volume fraction nanocomposites, which represent the relationship
between the integrated intensity and the concentration. This trend, as
described by Beer’s law, follows the expected trend of increasing inte-
grated intensity with concentration and has also been observed in studies
of sintered alumina of varying densities.36 The integrated intensity
calibration, which uses known volume fraction a-alumina-epoxy speci-
mens can be refined to include additional volume fraction specimens.
Ultimately, this calibration could be used to identify the amount of
nanoparticles contained within unknown volume fraction specimens.

CONCLUSION

In this work, a novel method to verify the particle dispersion and
volume fraction in alumina-epoxy nanocomposites using PSLS was
presented. Exploiting the spectral properties of a-alumina nanoparti-
cles, the integrated intensity parameter was used to create contour
plots that provided an overall particle distribution within alumina
nanocomposites of varying alumina quantity. Verifiable through
localized scanning emission microscopy and transmission electron
microscopy imaging, the PSLS technique provides the ability to map
larger surface areas non-destructively, which is especially applicable to
thin films, such as adhesives or coatings. Given the aptitude to verify
particle dispersion and volume fraction quantities, the application of
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this method as a quality control technique can greatly improve the
manufacturing of these nanocomposites and, therefore, ensure opti-
mal properties are achieved in applications in which the addition of
nanoparticles to an epoxy or polymer are used to improve the
mechanical properties. Ultimately, the PSLS technique for particle
dispersion verification and volume fraction identification can facilitate
optimized manufacturing processes, thereby, limiting stress concen-
trations and ensuring that the most advantageous mechanical proper-
ties within the material are achieved.
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