
Research Letter

Determining the dielectric constant of injection-molded polymer-matrix
nanocomposites filled with barium titanate

Daniel Brito , Guadalupe Quirarte, Joshua Morgan, Eleanor Rackoff, Michael Fernandez, Dithi Ganjam, and
Albert Dato , Department of Engineering, Harvey Mudd College, 301 Platt Blvd., Claremont, CA 91711, USA
Todd C. Monson, Nanoscale Sciences Department, Sandia National Laboratories, 1515 Eubank Blvd., Albuquerque, NM 87123, USA

Address all correspondence to Todd C. Monson at tmonson@sandia.gov

(Received 12 June 2020; accepted 1 September 2020)

Abstract
Barium titanate (BTO) is a ferroelectric perovskite with potential in energy storage applications. Previous research suggests that BTO dielectric
constant increases as nanoparticle diameter decreases. This report recounts an investigation of this relationship. Injection-molded nanocom-
posites of 5 vol% BTO nanoparticles incorporated in a low-density polyethylene matrix were fabricated and measured. Finite-element analysis
was used to model nanocomposites of all BTO sizes and the results were compared with experimental data. Both indicated a negligible rela-
tionship between BTO diameter and dielectric constant at 5 vol%. However, a path for fabricating and testing composites of 30 vol% and
higher is presented here.

Introduction
Amaterial’s ability to store electrical energy at a particular volt-
age is dictated by its dielectric constant (ϵ), which defines the
material’s permittivity relative to the permittivity of vacuum.
The increasing demand for energy storage has driven research
into superior dielectrics, referred to as colossal dielectric cons-
tant (CDC) materials.[1,2] These materials have dielectric con-
stants above 1000, which is much higher than that of
conventional dielectrics, such as plexiglass, mica, and air.[3]

The most common mechanisms that can give rise to these
large values of the dielectric constant are ferroelectricity,
charge–density wave formation, hopping charge transport,
and various kinds of interface effects.[2] The ferroelectric
perovskite compound BaTiO3 (BTO) is a CDC material. As
shown in Supplementary Fig. S1, the structure of BTO con-
sists of a central titanium atom that is slightly offset from
the unit cell midplane (when below the Curie temperature),
resulting in a relatively high dielectric constant at room
temperature.[4–6]

BTO has a generally accepted dielectric constant between
1500 and 2000 for particle diameters of 1 μm.[7] Multiple stud-
ies have demonstrated the dependence of the dielectric constant
of BTO on particle diameter, and BTO nanoparticles with
diameters lower than 500 nm have exhibited dielectric con-
stants as high as 4000.[8] In one study, the dielectric constants
of BTO nanoparticles synthesized in a vacuum environment
were investigated.[9] Across a particle diameter range of
10–500 nm, a dramatic increase in dielectric constant to over
15,000 was reported for BTO with a diameter of ∼70 nm.[9]

A similar peak in dielectric constant was found for BTO

nanoparticles produced in air.[10] Promising results have been
reported, but BTO nanoparticle dielectric constants have varied
significantly between different studies. Therefore, a complete
understanding of the relationship between BTO nanoparticle
diameter and dielectric constant is still needed. Here, we
present an initial investigation into this relationship through
the fabrication, measurement, and computational modeling
of polymer-matrix nanocomposites containing BTO
nanoparticles.

The methodology of the investigation is summarized in
Fig. 1(a). The experimental stage of this study involved the
fabrication of BTO nanocomposites using a novel injection
molding technique. The capacitance of the specimens was
then measured, and the dielectric constant of the nanocom-
posite, ϵcomposite was calculated. The nanocomposite speci-
mens used for analysis consisted of BTO nanoparticles
(with diameters ranging from 50 to 500 nm) incorporated
into a matrix of low-density polyethylene (LDPE) at 5 vol-
ume percent loading (vol%). 5 vol% loading was selected
for this study to ensure nanocomposites could be created
using this novel fabrication method, before introducing
higher concentrations of BTO which could complicate
the process. Further research will involve the analysis of
nanocomposites at even higher volume percent loadings
(30+ vol%). In the modeling stage of this study, COMSOL
Multiphysics finite-element analysis (FEA) was used to
determine a theoretical model of the composite dielectric
constant. This was then compared to the experimentally
determined ϵcomposite to extract the dielectric constant of
BTO for each particle size.
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Materials and methods
Materials
BTO nanoparticles synthesized through a hydrothermal pro-
cess[10–15] were obtained from Sakai Chemical Industry Co.,
Ltd. (Japan). BTO nanoparticles with diameters of 50 nm
(KZM-50), 100 nm (BT-01), 200 nm (BT-02), 300 nm
(BT-03), 400 nm (BT-04), and 500 nm (BT-05) were used in
this research. LDPE powder (500 μm) purchased from Alfa
Aesar (Ward Hill, MA) was used as the matrix material for
the nanocomposites.

Methods for fabricating BTO nanocomposites
Nanocomposites were produced using the process illustrated in
Fig. 1(b). The nanocomposite fabrication process involves a
mixing stage and a molding stage. In the mixing stage, agglom-
erated BTO was ball milled with zirconia grinding balls (0.5
mm diameter, Retsch 32.368.0003) and surfactant
(tert-Butylphosphonic acid, or tBuPA) for 4 h at 150 rpm.
The ball mill (Retsch PM100) disperses agglomerated nanopar-
ticles, which enables the BTO to be evenly dispersed within the
LDPE matrix.[14] BTO nanoparticles were functionalized with
tBuPA, obtained from Sigma-Aldrich (St. Louis, MO), to pre-
vent nanoparticle re-agglomeration after ball milling. The
amount of tBuPA used in each specimen is inversely propor-
tional to the diameter of the BTO nanoparticles being incorpo-
rated into the polymer. The 500 nm BTO specimens require the
smallest amount of surfactant, while the 50 nm specimens
require the highest level of surfactant. For an initial mass of
25 g of BTO nanoparticles used to fabricate three 5 vol% spec-
imens, the 500 nm BTO samples required 0.225 g of tBuPA,
and the 50 nm BTO samples required 2.249 g of tBuPA. The
complete calculation of the surfactant required for each diame-
ter is included in section S3 of the Supplementary Material.
After ball milling, a steel filter (Finum Part 63/421.08.00)
was used to separate the grinding balls from the
tBuPA-coated BTO nanoparticles. These nanoparticles were
then mixed with LDPE powder in a closed container to obtain
a homogeneous dry mixture consisting of 5 vol% BTO. This
mixture was transferred to a Pyrex container, which was then

placed in a vacuum oven. A nanocomposite sheet was produced
by melting the LDPE in the mixture at −101 kPa at a temper-
ature of 215 °C for 2 h. The melted sheet was removed from the
oven and cooled to room temperature. The sheet was cut into
nanocomposite pellets with an area of ∼1 cm2 that was used
for injection molding with the Morgan Industries Plastic
Injection Molding Machine (Model G-100T).[16] A schematic
of the custom-built 6061 aluminum single-specimen mold
used for injection molding nanocomposite specimens is
shown in Supplementary Fig. S7. Disc-shaped specimens
with diameters and thicknesses of 40 and 1 mm, respectively,
were fabricated using a barrel and nozzle temperature of
500 °C. After the injection molding process, a gold film with
a 100 nm thickness was sputtered onto each side of the
nanocomposite specimens using a sputter coater (Quorum
Technologies Q150T). For each BTO nanoparticle size (50,
100, 200, 300, 400, and 500 nm), six 5 vol% specimens were
produced. A total of 36 nanocomposites were investigated.
For a complete description of the nanocomposite manu-
facturing process with notes on the design of the mold, refer
to section S4 of the Supplementary Material.

In order to determine the dielectric constant of the BTO and
model nanocomposites, control samples were made that con-
tained just tBuPA and LDPE. These samples were used to mea-
sure the capacitance of the matrix without any embedded
nanoparticles. The effect of surfactant levels was studied by
creating pure LDPE specimens with the highest amount of sur-
factant (2.249 g—used to fabricate 50 nm nanocomposites) and
the lowest amount of surfactant (0.225 g—used to fabricate
500 nm nanocomposites).

Methods for determining the dielectric
constants of nanocomposites
The capacitance (C ) of each nanocomposite was determined
using an ECG CX920A Digital Capacitance Meter, which
has a working voltage of 3.5 V. Previous work has verified
the precision and accuracy of this capacitance meter by bench-
marking its measurements against a BioLogic SP-200
Potentiostat. Capacitance measurements were performed at

Figure 1. (a) Overall sequence of the investigation into the relationship between BTO particle diameter and dielectric constant. (b) The manufacturing process
involves two main stages: the mixing stage and the molding stage.
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room temperature in a Faraday cage. The average thickness of
each nanocomposite (d ) was determined by using a micrometer
to measure thicknesses at nine points on each specimen. The
dielectric constant of each fabricated nanocomposite (ϵc) was
calculated using the following equation

1c = Cd

A10
(1)

In Eq. (1), A is the area of the deposited gold film (25.43 cm2)
and ϵ0 is the vacuum permittivity (8.854 × 10−12 F/m). The
dielectric constant of pure LDPE specimens containing
tBuPA (ϵm) was also calculated using Eq. (1).

Studies investigating the macroscopic dielectric behavior of
composites of linear dielectric phases have established effective
medium approximations (EMAs) that were used to approxi-
mate the dielectric constants of BTO nanoparticles (ϵp).
Three EMAs were used in a previous BTO nanocomposite
study by Kaufman et al. because they have the closest applica-
tion to the nanocomposites fabricated in this study.[17] Of these,
the Jayasundere–Smith EMA,[18] shown in Eq. (2), was used as
it most closely approximates the fabricated nanocomposites
because it includes an additional level of complexity to
describe the partial effects between particles.[19]

1c =
1m(1–dv)+ 1p(((31m)/(1p + 21m))
×(1+ (3dv(1p − 1m)/(1p − 21m))))
(1–dv)+ dv(((31m)/(1p + 21m))
×(1+ (3dv(1p − 1m)/(1p − 21m))))

(2)

For reference, variable symbols and definitions are compiled
in Supplementary Table S4, found in section S9 of the
Supplementary Material.

Methods for computational modeling of
nanocomposites
In order to understand the impact of both polymer and nanopar-
ticle dielectric constants, as well as particle agglomeration on
the overall composite dielectric constant, FEA was conducted
using COMSOL Multiphysics version 5.4, which has been
used in previous studies of polymer-matrix nanocomposites
containing BTO.[17] The nanocomposite model consists of a
cube of side length L with a gold layer on the top and bottom
faces (Supplementary Fig. S2).

Particle agglomerates are modeled as tightly packed cubic
arrays of particles, and the total number of particles is denoted
as Np. Within the cube, the number of agglomerates (Na) and
particles per agglomerate (n) are specified, along with the num-
ber of dispersed single particles of BTO to reflect a specific fac-
tor of agglomeration (Fa), which is shown in Eq. (3).

Fa = Nan3

Np
(3)

For simulations where the BTO nanoparticle dielectric constant
was held constant, ϵp was set at 1500. This value was chosen in

accordance with the simulations run by Kaufman et al.,[17]

based on the lower threshold of the range of BTO nanoparticle
dielectric constants found by Arlt et al.[7]

The remainder of the cube’s volume consists of the polymer
matrix. The matrix dielectric constant (ϵm) was set to 5.58,
which is based on experimental dielectric constant measure-
ments of injection-molded LDPE specimens containing the
same mass (0.225 g) of tBuPA used to deagglomerate 500
nm particles.[20,21] BTO loading was fixed at δv = 0.05.

COMSOL was used to calculate the dielectric constant of
the modeled nanocomposites with 10 V applied through the
capacitor, the same applied voltage used in the studies by
Kaufman et al.[17] In order to determine how various parame-
ters could impact ϵc, simulations were run that focused on vary-
ing one of three parameters (Fa, ϵp, and ϵm) while holding the
other two parameters constant.

Results
Experimental results
In order to extract the dielectric constant of the BTO particle
itself, the ϵc values need to be compared to the dielectric cons-
tant of the medium ϵm. Since the amount of surfactant concen-
tration in the specimens is dependent on particle size, the study
experimentally extracted the average value of the dielectric
constant of the medium accounting for the highest and lowest
amounts of surfactant. The average ϵm values of control spec-
imens composed of just LDPE with high and low surfactant
levels are 6.29 ± 0.69 (corresponding to 2.249 g of tBuPA)
and 5.58 ± 0.32 (corresponding to 0.225 g of added tBuPA),
respectively. The higher surfactant level was used for 50 nm
nanocomposites, while the lower one was used for the 500
nm nanocomposites. tBuPA is polar which leads to the varying
medium dielectric constants. It should be noted that the effect
of the surfactant on ϵm can be better understood through
FEA. The results of this analysis are depicted in Fig. 2(b).
This allows for the effect of tBuPA on ϵm to be corrected for
in further analysis steps. Refer to section S3 of the
Supplementary Material for an outline of the mathematical
details. Figure 2(a) and Supplementary Table S1 show the aver-
age dielectric constants of fabricated nanocomposite
specimens.

Using the values for ϵc shown in Supplementary Table S1,
ϵm based on BTO size, and δv = 0.05, ϵp for each BTO nanopar-
ticle size was calculated using the Jayasundere–Smith EMA.
The results of these calculations are graphed in Fig. 3, with
numerical values tabulated in Supplementary Table S2.

Figure 3 presents the relationship between ϵp and particle
size applying the Jayasundere–Smith model presented in the
Materials and methods section. There is a significant level of
uncertainty resulting from the uncertainty of ϵc in the 5 vol%
loaded specimens. The Jayasundere–Smith EMA is used in
all further analysis on the relationship between ϵc and ϵp.
Previous research by Kaufman et al. suggests that this model
provides a useful basis of comparison for the fabricated speci-
mens because it accounts for agglomeration when extracting
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ϵp.
[17] Figure 4(b) shows the relationship between ϵp and ϵc for

the specimens created in this study and depicts a roughly linear
relationship between the specimen dielectric constant across a
range of nanoparticle sizes and the approximate range of parti-
cle dielectric constant values.

FEA results
FEA was used to measure the dependence of ϵc on Fa by vary-
ing Fa. The results are illustrated in Supplementary Fig. S10
and demonstrate a linear relationship between Fa and ϵc.
Linear regression revealed that the experimentally extracted
ϵc value of 7.03 ± 0.14 (Supplementary Table S1) for 5 vol%
500 nm BTO-loaded specimens corresponds to Fa = 0.7789 in
the computational model. For Np = 512, Fa = 0.6699 was the
closest input factor of agglomeration to this predicted value.
As such, Fa = 0.6699 (n = 7) was fixed for the sweeps over
the remaining parameters. In future work, Fa will also be deter-
mined experimentally by imaging fabricated nanocomposites

using transmission electron microscopy (TEM). Scanning
electron microscopy images of as-delivered and post-ball
milled nanoparticles can be found in section S8 of the
Supplementary Material.

After determining the predicted factor of agglomeration, a
sweep on composite dielectric constant was performed by vary-
ing particle size from 50 to 500 nm [Fig. 2(b)]. The experimen-
tal results depicted in Fig. 2(a) show an inversely related trend
between ϵc and particle size, but the dependence between sur-
factant concentration and particle size may be responsible for
the trend. In order to verify this, an FEA study on all possible
medium dielectric constants was conducted. The values of ϵm
shown in Supplementary Table S3 for the 50 and 500 nm spec-
imens were used in a quadratic interpolation to estimate the ϵm
values for the 5 vol% nanocomposites across all particle diam-
eters. Figure 2(b) shows the lack of dependence between parti-
cle size and composite dielectric constant once the surfactant’s
contribution is separated.

Following the analysis of the surfactant’s influence on the
relationship between particle size and composite dielectric
constant, a sweep on BTO dielectric constant was performed
by varying ϵp from 0 to 4000. Because the simulated particle
size of BTO was 500 nm, ϵm = 5.58 was used in the model,
which corresponds to the dielectric constant of LDPE loaded
with the lowest amount of surfactant (Supplementary
Table S3). Figure 4(a) shows that an ϵp range of 2000–2500
closely overlaps the experimentally measured ϵc for 5 vol%
500 nm BTO specimens presented in Supplementary
Table S3. Based on the data extracted from the model [Fig. 4
(a)], it was concluded that the BTO dielectric constant has a
low impact on the composite dielectric constant at 5 vol% load-
ing. Between the ϵp range of 1000 and 4000, ϵc varies by less
than 0.2. This phenomenon is a result of BTO comprising a
small volume per cent of the nanocomposite. Therefore, the rel-
ative magnitude of error in determining BTO dielectric constant
at 5 vol% (both experimentally and computationally) motivates
the investigation of significantly higher volume loadings of
BTO. This will allow for conclusive observation of meaningful

Figure 3. Jayasundere–Smith EMA ϵp for nanocomposites containing BTO
nanoparticles of increasing diameter.

Figure 2. (a) The relationship between ϵc and particle size for fabricated specimens. (b) Simulated ϵc versus particle size (δv = 0.05, Fa = 0.6699) for each
possible ϵm value dependent on surfactant concentration from lowest to highest tBuPA level.
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dielectric changes as a result of particle diameter. Indeed,
Kaufman et al. demonstrated that higher volume loadings
allow for decreased error in determining particle dielectric
constant.[17]

Figure 4(c) shows the effect of BTO dielectric constant on
the dielectric constant of the nanocomposites. Future research
will focus on fabricating, measuring, and simulating BTO
nanocomposites with loadings of 30 vol% and greater. This
effort was halted prematurely by the circumstances caused by
COVID-19, but a complete procedure for fabricating 30 vol%
BTO samples by incorporating a step of LDPE dissolution in
xylenes is described in the Supplementary Material. Samples
produced by incorporating this step will enable future research
into the relationships between BTO nanoparticle diameter and
dielectric constant, which could potentially be revealed at
higher volume loading.

Discussion
The experimental results obtained from the 5 vol% BTO nano-
composites presented in Fig. 2 and Supplementary Table S1 do
not show a statistically significant relationship between the
nanocomposite dielectric constant and BTO nanoparticle size.

Although these two parameters demonstrate a linear relation-
ship, the error associated with each sample group in Fig. 2(a)
shows a relatively wide scope of uncertainty along the dielec-
tric constant axis. Moreover, Supplementary Table S3 high-
lights a dependence of the dielectric constant on the
concentration of tBuPA in the specimens. Figure 2(b) presents
an analysis of the effect surfactant has on the medium dielectric
constant and verifies that there is only a weak relationship
between composite dielectric constant and BTO nanoparticle
size at this 5 vol% BTO loading. When separating the contribu-
tion of the surfactant in the value of ϵm, it is evident that ϵm and
particle size are not inversely related. However, this figure does
highlight how higher levels of tBuPA increase the value of ϵm
and result in the extraction of higher ϵc from fabricated nano-
composites. As a result, the small shift in the dielectric constant
values of the nanocomposites at different particle sizes can be
explained by the influence of the surfactant. Figure 4(b) further
shows how the extraction of the dielectric constant of the BTO
particles at 5 vol% loading is limited by the error presented at a
low volume loading.

Experimental and FEA results show that the degree of
agglomeration in the experimental data can be approximated

Figure 4. (a) Simulated ϵc (ϵm = 5.58) versus ϵp, at a BTO diameter of 500 nm (δv = 0.05, Fa = 0.6699). (b) Jayasundere–Smith EMA experimental results with a
sample size of 6 nanocomposites for each particle diameter comparing dielectric constant of composite over dielectric constant of BTO. (c) Simulated ϵc (ϵm =
5.58) versus ϵp, at a BTO diameter of 500 nm for both δv = 0.05 and δv = 0.3.
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using the model. This indicates that the simulated results show-
ing no clear relationship between BTO diameter and nanocom-
posite dielectric constant at 5 vol% loading are a reasonable
approximation of experimental data, as with higher levels of
agglomeration and known medium and BTO dielectric con-
stants, the experimental results can be closely approximated
by the model. The FEA results shown in Fig. 4(a) and the
dielectric constants determined from 500 nm BTO nanocompo-
sites (Supplementary Table S1) indicate that the degree of
agglomeration of BTO nanoparticles in LDPE is close to Fa

= 0.7. Further studies into the agglomeration state of the fabri-
cated specimens, investigated using TEM, will provide valu-
able insight into the physical state of BTO agglomeration in
fabricated nanocomposites. However, the degree of agglomer-
ation of Fa = 0.6699 used in the simulations was deemed to be
appropriate for the nanocomposites investigated in this work.

Figures 4(a) and 4(b) both present a relationship between ϵc
and ϵp given δv = 0.05. While Fig. 4(b) approximates this rela-
tionship by applying the Jayasundere–Smith EMA to determine
experimental ϵc values, Fig. 4(a) presents the computational
simulation results of sweeping across a range of particle dielec-
tric constant values given the parameters Fa = 0.6699, δv =
0.05, and a particle size of 500 nm. The FEA simulation pro-
duces ϵc values that align with experimental results within a
range of values of 2000–2500 for ϵp, but the use of the
Jayasundere–Smith EMA produces a range of 1100–1350 val-
ues of ϵp. This inconsistency highlights the limitations of using
a low volume loading of BTO to implement the use of the
Jayasundere–Smith EMA for the extraction of ϵp. However,
the data do suggest that agglomeration is playing a role in the
dielectric constants of our composites, even at modest volume
loadings. Further investigation into the agglomeration state of
the specimens is necessary to compare the FEA simulation
with different EMA results. Future studies will focus on inves-
tigating the agglomeration state of specimens with volume
loadings ranging from 5 to 50 vol% using TEM to develop
an EMA that closely replicates the system.

Studies have shown that at higher volume per cent loading,
the approximation and distinction of the dielectric constant
of the BTO particle can be refined.[17] After investigating
5 vol% loaded specimens produced with the fabrication meth-
ods outlined in this study, the next step involved revising the
procedures to reach higher volume per cent loaded samples.
Comparing computational models of 5 and 30 vol% loaded
samples [Fig. 4(c)] demonstrates how the behavior of the
curve shifts the plateau region of ϵp to higher values. This
helps minimize the error presented in the current experimental
results by allowing a broader range of values to approximate the
BTO nanoparticle dielectric constant. As the relative magnitude
of error decreases, other influencing factors, such as the contri-
bution of surfactant, become easier to quantify. Presently, each
measured average dielectric constant value falls within the error
bounds of most other data points [Fig. 2(a)], meaning the
dielectric constant contribution from the surfactant cannot be
reliably extracted. With the fabrication of higher vol% loaded

nanocomposites, and more control samples containing only
surfactant, these effects can be accounted for. BTO nanocom-
posites with higher volume loadings can be fabricated through
an additional LDPE dissolution step using xylenes in the mix-
ing stage shown in Fig. 1(b). Using this, polymer dissolution
step has enabled the fabrication of 30 vol% loaded specimens
(see Supplementary Material). Future studies will investigate
the relationship between BTO diameter and dielectric constant
using this modified fabrication method.

Conclusions and outlook
Beyond the examination of nanocomposite specimens, this
research also presents a method for producing BTO nanocom-
posites in a repeatable and reproducible manner. An investiga-
tion into LDPE-matrix nanocomposites loaded with 5 vol%
BTO nanoparticles of varying diameter showed no clear rela-
tionship between nanoparticle size and dielectric constant.
Our study indicates that such a relationship may not be observ-
able at 5 vol% loading. COMSOL simulations agree with the
experimental results, though adjustments to the fundamental
assumptions of the models may yield more interesting insights
in the future. The results presented here provide further insight
into the properties of BTO nanoparticles that have been indi-
cated in previous studies. This study necessitates further inves-
tigations of LDPE-BTO nanocomposites at higher volume
loadings, which could indeed reveal a clear relationship
between BTO nanoparticle size and dielectric constants. Such
a study might facilitate the discovery of a drastic increase in
the dielectric constant of BTO at a critical nanoparticle size,
which could have significant implications in energy storage
and conversion applications.

Supplementary material
The supplementary material for this article can be found at
https://doi.org/10.1557/mrc.2020.69
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