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ABSTRACT Inorganic/organic nanocomposites consisting of surface functionalized barium titanate (BTO) nanoparticles covalently
bonded to epoxy polymeric matrices are described. A plasma-enhanced CVD process was employed to functionalize the particle
surfaces with reactive amine groups. Subsequently, these modified particles were reacted with an epoxide monomer to synthesize
the final nanocomposites, containing particle loadings ranging from 1 to 5 weight percent. Control samples, containing unmodified
BTO, were also synthesized under identical reaction conditions and particle loading. The resultant nanocomposites were characterized
spectroscopically and microscopically, and their physical and thermal properties were evaluated. The results obtained reveal a more
uniform distribution of the surface modified BTO in the composites relative to that observed with the unmodified particles. Additionally,
the physical and thermal properties of the nanocomposites containing the plasma modified particles were determined to be significantly
improved over that of the pure polymer or the composites containing the unmodified particles, for each level of loading employed in
this study. In light of these improved properties, it appears that the surface modifications employed significantly improve the interfacial

interactions between the inorganic particles and the organic matrices in these nanocomposites.

KEYWORDS: inorganic/organic nanocomposites ® plasma functionalized particles ® covalently bonded ® enhanced physical
properties ® plasma enhanced CVD ® barium titanate-epoxy composite

INTRODUCTION
ne of the more active nanotechnology research

areas is that dealing with synthesis of inorganic/

organic nanocomposites. In part, this activity re-
flects the increasing availability of inorganic nanoparticles
with respect to sizes, shapes, and compositions. From the
practical standpoint, it has become increasingly apparent
that such nanocomposites provide an opportunity for syn-
thesis of improved polymeric materials with respect to
mechanical, thermal stability, magnetic, flame inhibition,
and optoelectronic properties (1).

Although significant advances have been reported with
these materials, a persistent difficulty encountered among
workers in this field pertains to the general inherent incom-
patibility between inorganic and organic compounds with
respect to achieving uniform mixtures. With respect to
synthesis of these composites, the mixing problems are
frequently acute. This difficulty arises from the fact that the
inorganic components are most frequently hydrophilic metal
oxides, whereas the organic monomers are generally non-
polar and thus more hydrophobic in nature. This disparity
in polarities tends to promote inorganic particle aggregation
and segregation from the polymer matrix. Additionally, the
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mixing problem is further enhanced by the simple fact that
nanoparticles have a well-documented tendency for in-
creased aggregation as the particle sizes are decreased and
surface to volume ratios increase. In light of these consid-
erations, phase separations may occur, particularly for
samples subjected to elevated temperature variations, thus
limiting the potential long term usage of a particular material.

In recognition of this problem, innovative techniques
have been developed to help achieve the desired particle
dispersions in these inorganic/organic composites (1). Among
the most prominent of these approaches is simple physical
mechanical blending and sol—gel polymerization (1g, 2, 3).
Although interesting results have been reported, interactions
between the polymer matrix and the nanoparticles fre-
quently exist only at discrete locations where the inorganic
agglomerates are bounded with polymer, rather than uni-
formly dispersed throughout the polymer matrix (4). The
large surface to volume ratios of the nanoparticles create
relatively large interfacial regions, frequently with resultant
poor adhesions between the hydrophobic organic matrix
and hydrophilic inorganic filler components (5), in many
cases limiting the extent of particle loading that can be
realistically achieved. A particularly thorough examination
of the interactions between inorganic oxide nanoparticles
and polymer matrices, involving direct studies of interfacial
layers between matrix and filler, and the resulting physical
properties of composites are the studies of Tannenbaum et
al. (4d, 5d).
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In view of these mixing difficulties, a number of recent
studies have examined the utility of modifying the inorganic
particle prior to formation of the composites with the goal
of minimizing the particle dispersion problem and at the
same time improving the interfacial interactions between
the disparate inorganic and organic components. One such
method involves initial surfactant/ligand encapsulation of the
particles. Although this approach can improve the dispersion
of nanoparticles in the polymer matrix, a decrease in
thermal and mechanical properties, with increasing nano-
particle loading has been reported in some studies (4e). A
different approach involves surface functionalization of
inorganic nanoparticles, such as the use of organosilane
treatment. Improved properties of the resultant composites
have been reported (6) but the inherent hydrolytic instability
of metal-silane linkages (metal—O—Si) is a concern with
respect to long term stability considerations (7). Further-
more, availability of surface —OH groups of these inorganic
nanoparticles is highly dependent on the synthetic route
employed for the oxides (8). As an alternative, chemical
surface grafting of some specific nanomaterials have been
reported in recent years, mainly based on carbon nanotubes
and montmorillonite type layered silicates (9). For example,
Leu et al reported amine functionalization of layered silicates
via chemical treatment of N,N-dimethylacetamide and y-(ami-
nopropyltriethoxysilane (9a). Zhu et al. achieved amine
functionalization of CNT via a two steps process involving
initial reaction with succinic acid to form ethylcarboxyl
groups on the CNT sidewall, which are then converted to
amine functionalized CNTs via chemical treatment with
thionyl chloride and bis(p-aminocyclohexyl)methane (9¢). In
general, nanocomposites synthesized using the functional-
ized particles have shown significant improvement of
properties.

The present paper examines a different approach to
achieving both more uniform and more stable dispersions
of the inorganic particles in the organic polymeric matrices.
In this work, plasma-enhanced CVD (PECVD) is employed
to reduce the surface energy of the particle and, simulta-
neously, introduce reactive functional groups on the surfaces
of the particles. In contrast with the prior work in the
composites area involving particle surface modifications, the
present approach is a single-step, gas-phase process. During
this single step, the plasma processing parameters are
continuously varied to deposit a gradient layered, conformal,
strongly grafted functionalized thin organic film on the
particle surfaces. These reactive functional groups, intro-
duced during the PECVD process, are subsequently em-
ployed to covalently bind the functionalized inorganic par-
ticle to the organic monomer. This is followed by the final
step involving synthesis of the inorganic/organic nanocom-
posite materials using conventional liquid processing reac-
tions. Although treatment of nanoparticles via radio fre-
quency (RF) plasmas for subsequent use in nanocomposite
synthesis have been reported, the treatments have centered
on attempts to improve the dispersion of the particles in the
final polymeric matrices, as opposed to covalent attachment

398 IERNAPPLIED MATERIALS

XINTERFACES

VOL. 2 « NO. 2 » 397-407 « 2010

processes (10). Additionally, it should be noted that a
thorough study involving plasma surface functionalization
of micrometer sized polystyrene beads by Badyal et al.
provided clear evidence that the extent of surface modifica-
tion increases as the particle sizes were decreased (11).

In this study, we examine the properties of epoxy based
nanocomposites. This selection is based on the fact that
epoxies represent an important class of materials that have
been examined with respect to their potential use in struc-
tural, thermal, and electronic applications in nanocomposite
formulations (9¢, 12). Barium titanate (BTO) is employed as
the inorganic component, based on its ready availability,
along with the fact that it too has frequently been employed
in nanocomposite materials (12d-12f, 13). The BTO par-
ticles are initially functionalized by PECVD deposition of
polymer films containing reactive amine groups. The amine
groups are employed to bond the particles to an epoxide
monomer, followed by polymerization and ultimate forma-
tion of the BTO/epoxy nanocomposites. The main focus of
the present study was to compare and contrast the proper-
ties of the nanocomposites synthesized using the surface
functionalized BTO nanoparticles with composites fabricated
using the same chemistry but with unmodified BTO. As
documented below, the mechanical and thermal properties
of the composites exhibit significantly improved physical
properties, relative to those composites containing the
unmodified BTO achieved with relatively low levels of BTO
loading. The properties of the composites were also ob-
served to be significantly improved over those of the pure
epoxy polymers.

EXPERIMENTAL SECTION

Materials. Ethylenediamine (EDA) was obtained from Aldrich
(Milwaukee, Wisconsin) and was of the highest purity available.
Bisphenol F Diglycidyl ether (Epoxy; Epon Resin 862) and
triethylene tetramine (Epikure 3234) were supplied by Hexion
Specialty Chemicals. Tetragonal barium titanate (BTO) nano-
particles (99.6 % purity, with average particle size 85-28 nm)
were purchased from Nanostructured & Amorphous Materials
Inc. BaTiOs was dried in an oven at 120 °C under a vacuum
prior to use. All other chemicals were used as received.

Instrumentation. X-ray photoelectron spectroscopy (XPS)
was conducted utilizing a Perkin-Elmer model PHI 5000 instru-
ment, using Al Ko radiation at 1486.6 eV, with pass energy of
17.90 eV giving a resolution of 0.60 eV for the Ag (3ds))
standard. Data were processed using Casa XPS software. The
same full width half maxima (fwhm) and Lorentzian-Gaussian
curves were used to resolve the individual peaks for each
element. Spectra were recorded using a take-off angle of 70°
with respect to the sample surfaces. An electron flood gun was
employed to neutralize charge build-up on the nonconductive
films examined in this work. The electron flood gun was
operated at 220 ma and 1.8 eV, conditions that provided
optimum resolution of the C(1s) multiplet peaks. The C(1s)
binding energies were established by centering the lowest
binding energy peak of the C(1s) multiplets, corresponding to
carbon atoms bonded only to other carbon or hydrogen atoms,
at 284.6 eV (14a). The binding energies of the C 1s and O 1s
multiplet peaks are in accord with literature values (14a) as are
the values observed for the Ba and Ti atoms (14b).

X ray diffraction (XRD) data were collected at room temper-
ature using a Bruker-AXS D8 Discover diffractometer equipped
with a normal-focus Co tube (35 kV, 40 mA, Co Kow = 1.7902
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Table 1. Pulsed Plasma Polymerization Conditions Employed for BaTiO; Nanoparticle Coating Using Ethylene

Diamine Monomer

monomer used on/off pulsed time peak power pressure average power
in plasma cycle (ms) (min) (W) (mtorr) input” (W)
O, 10/30 30 200 180 50
EDA 1/6 30 200 80 28.57
1/10 30 18.18
1120 30 9.52
1/30 30 6.45

“ Average Power Input = (Power on time/total pulsed cycle time) x peak power.

Angstoms). Scans were collected between 30 and 80° 26, with
a step-size of 0.1 and exposure time of 10 s per data point.

Infrared spectra were recorded on a vector 22 Fourier
Transformed Infrared spectrometer from Bruker optics oper-
ated at a resolution of 8 cm™".

Transmission electron microscopy (TEM) images of the nano-
particles and nanocomposites were obtained using a FEI Tecnai
G2 F20 S-Twin instrument operated at 120 kV. A drop of ethanol
containing dispersed nanoparticles was placed on formvar
coated copper grids, and the ethanol was allowed to evaporate
at room temperature.

Scanning electron microscopy (SEM) images were recorded
using a Zeiss Supra 55 VP instrument. All samples were coated
with silver prior to analysis in order to avoid or minimize static
charging effects.

Thermogravimetric analysis (TGA) was carried out on a Hi-
Res TGA 2950 Thermogravimetric Analyzer from TA Instru-
ments using platinum pan with a heating rate 10°C/ min under
a continuous flow of nitrogen (up to 500 °C).

Diffential scanning calorimetry (DSC) was performed with a
Diamond DSC from Perkin Elmer using aluminum pan at a
scanning rate 40 °C/min under nitrogen (flow rate 20mL/min).
Initially, all samples were thermally conditioned (up to 150 °C)
to remove any thermal stress. A heating rate of 10°C/min, under
nitrogen, was employed for this purpose. The glass transition
temperatures (Ty) were determined by the standard half Cp
extrapolated method from the second heating run, as obtained
using Pyris software (Perkin Elmer).

The tensile properties of the samples were measured using
an MTS Insight 2 instrument fitted with a 2000 N load cell and
pneumatic grip (20 psi) and processed with MTS Test Works V
4.10A software. A cross-head speed of 2 mm/min was used at
room temperature. Samples (dimensions 50 mm x 10 mm x
~0.5 mm, with free length of 10 mm.) were elongated to failure
and the initial modulus was calculated by measuring the gradi-
ent at 0.75% of elongation of the stress-strain curve. A mini-
mum of four specimens per sample were tested and averaged.

Plasma Treatment to Functionalize the BTO Particles. The
PECVD treatment of the BTO nanoparticles was carried out
using a custom built 360° rotating plasma reactor, capable of
continuous operation under vacuum, as described elsewhere
(15). The rotating, cylindrical glass reactor contained grooves
on the inside walls to transport the particles upward for subse-
quent gravitational descent through the plasma discharge. The
pulsed plasma cycles, peak RF power input, rotational speed
of reactor (30 rpm) and duration of plasma discharge were
optimized to create films which exhibited excellent long term
stability to exposure to organic solvents (e.g. methanol, acetone,
etc.). Prior to plasma polymerization, the BTO particles were
subjected to a pretreatment in an oxygen plasma to remove any
carbonaceous contaminants. Subsequently, the RF (13.56 MHz
frequency) pulsed plasma was initiated at room temperature
using ethylenediamine (EDA) as monomer. Initially, the plasma
discharge was operated briefly at high input power to graft a
carbonaceous-like layer to the BTO particles. The function of
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this layer is to help transition the inherent chemical incompat-
ibility between the inorganic and organic components. At this
initial high power density, essentially none of the nitrogen
atoms in the EDA are retained in the deposited film. Subse-
quently, the average RF power input was slowly decreased by
reduction of the plasma duty cycle, creating a gradient layered
structure in which the amine content of the plasma deposited
film increases as the pulsed plasma duty cycle was decreased
(15c, 16). Although the ethylenediamine based macromolecular
layer deposited on the BTO particles contains both primary and
secondary amines, it is important to note that both of these
amine groups react readily with the epoxide groups provided
by the diglycidyl ether bisphenol organic matrix. The plasma
parameters employed in the particle surface modification are
summarized in Table 1.

Synthesis of Nanocomposites. Nanocomposites, containing
either unmodified (1) or plasma functionalized (2) BTO particles,
were synthesized using the bisphenol F diglycidyl ether resin
(3). Additionally, pure solid epoxy polymer controls were
prepared, without BTO particles, using the same synthesis route
employed for the composites. Scheme 1 summarizes the
general approach and synthetic conditions employed. Initially,
the epoxy monomer was combined with specific amounts of
modified or unmodified nanoparticles to create a series of
samples having BTO weight contentof 1, 2, 3, and 5 g per 100 g
of the epoxy. The reactions were carried out at 60 °C, to reduce
the viscosity of the epoxy monomer, using high speed stirring
to maximize mixing efficiency. Degassing was performed by
applying vacuum several times to remove entrapped air or
moisture in the system. After mixing was completed, triethylene
tetramine (TETA) was added to the reaction mixture to ensure
complete curing of the epoxy. This mixture was further de-
gassed and cured in to an open Teflon mold, having dimensions
of 50 mm x 10 mm x 0.5 mm at room temperature for an
initial 24 h, followed by a two hour exposure at 121 °C. Finally,
the samples underwent a slow cooling process down to room
temperature to assure complete curing of the samples.

Simplified sample identification employed to identify the
various samples is as follows: 4 for pure polymer; 5 for the
untreated BTO/polymer compositesl and 6 for the plasma
treated BTO/polymer. Additional designations, such as 5.1, 6.1,
..., 5.5, 6.5 are employed to identify the extent of nanoparticle
loading of the respective composite materials, which consisted
of samples containing 1.0—5.0 parts per hundred parts by
weight (phr) of the epoxy matrix nanoparticle loading, as noted
above (see Table 3).

RESULTS

XPS Analysis. The BTO nanoparticles, both unmodified
(1) and modified (2), were analyzed by XPS. Both survey and
high-resolution spectra are depicted in Figure 1. It should be
noted that for (1), in addition to Ba, Ti, and O, carbon is also
observed. Presumably, this carbon simply represents ad-
sorbed organic compounds. Although this carbon is signifi-
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Scheme 1.
Particles Covalently Bonded to the Organic Matix
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cantly reduced by a pretreatment of O, plasma, as reported
previously. The XPS of the unmodified BTO was made on
samples as-received (9¢, 14b). The binding energies of O-1s,
N-1s, C-1s, Ba-3d, and Ti-2p photoelectrons and surface
compositions of both treated and untreated BTO particles,
obtained from integration of the deconvoluted spectra, are
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summarized in Table 2. Both XPS survey and high resolution
scans (Figure 1) illustrate that after plasma exposure of the
BTO to the EDA, the relative atomic concentration of C-1s
increases significantly. This is attributed to plasma deposi-
tion of C—C, C—N, and C=N surface functionalities on the
particles. However, the presence of small amounts of oxi-
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FIGURE 1. Survey and high-resolution XPS spectra of unmodified BTO (1) (left) and plasma modified BTO (2) (right) nanoparticles.

Table 2. Binding energies, possible surface species composition (%), and atomic concentration (%) of the
BTO XPS spectra

pure BTO (1) amine-treated BTO (2)
binding atomic conc. binding atomic conc.
energy (eV) surface species composition (%) (%) energy (eV) surface species composition (%) (%)
O 1s 531.3 O—H 13.0 54.4 531.1 O—H 17.6 31.0
530.0 bulk 02~ 19.5 529.8 bulk 02~ 22.6
528.9 Cc—-0 67.5 528.6 C-0 59.8
N 1s 399.6 C—N 12.12 12.1
Cls 288.4 Cc=0 11.4 14.2 287.7 C=N,C=N, C=0 12.9 41.2
286.1 C-0—-CC—-O—H 20.6 285.8 C—NH, C-0—C, C—O—H 36.2
284.6 c—C 68.0 284.6 c—C 50.9
Ti 2p 457.8 2D 51 14.8 457.9 2D 52 7.8
Ba 3d 778.0 3d 51 16.8 777.9 3d 51 7.9

dized carbon is also noted because of post plasma surface
oxidation after plasma treatment. The increase of Cls
concentration on the plasma treated particles surface is
accompanied by a significant reduction in the atomic con-
centrations of Ba-3d, Ti-2p, and O-1s in comparing the
treated and untreated BTO particles (Table 2). Most signifi-
cant is the presence of N-1s (12.1 %) photoelectrons on the
plasma modified BTO. In contrast, no N atom photoelectrons
are observed from the untreated BTO. Additionally, there is
a significant difference in the structure of the C (1s) high-
resolution spectra in comparing the treated and untreated
BTO, which is consistent with conversion of the BTO sur-
faces from C—O contaminants to C—N chemistry (Figure 1
insets). The XPS samples were done in triplicate and the
atom percent variations among the three samples were less
than 2%. Because the differences in the atom percent
compositions between untreated and treated particles are
far greater than this 2% variation, the XPS data are inter-
preted to provide strong confirmation of surface modifica-
tion of the BTO nanoparticles as a result of the plasma
treatment.

Infrared Analysis. FT-IR spectroscopy provides ad-
ditional evidence of the successful coating of the BTO
particles. The IR spectra of the unmodified (1) and modified
(2) BTO particles are shown in Figure 2. Several important
distinctions are apparent. The IR spectrum (inset) of 1 shows
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(OH) stretching bands in the region between 3700 and 3200
cm ~!. The bands observed at 3680, 3640, 3583, 3510 cm™!
(sharp) and at 3424 cm™! (broad) are attributed to OH groups
on different sites and from interactions among them on the
untreated BTO particles (17). The plasma treated BTO
exhibits a reduction in absorption in the OH region, ac-
companied by a slight shift in peak maxima to lower wave
numbers. These observations are consistent with the deposi-
tion of surface amine groups. Additionally, C—H stretching
vibrations, around 2931 and 2870 cm™! are present on this
sample, but not on untreated BTO, consistent with the
plasma deposition of the macromolecular layer obtained

3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (Cm %)

FIGURE 2. FTIR spectra of unmodified BTO (1) and plasma modified
BTO (2).
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S I R

FIGURE 3. TEM images of unmodified BTO (1) and plasma-modified
BTO (2) particles. Scale bar 20 and 50 nm, respectively.

from the EDA. Additional strong confirmatory evidence for
the surface changes introduced by the plasma treatment is
the appearance of the absorption band at 1665 cm™', which
is consistent with the presence of a N—H deformation
vibration.

FT-IR spectra of the starting monomer and the compos-
ites (not shown) clearly revealed the disappearance of the
characteristic epoxide absorption bands at ~1240 and ~825
cm™' of the monomer with formation of the pure polymer
or the composites. Additionally, the polymer samples ex-
hibited strong absorptions in the 3300—3400 cm™' region
from the presence of the NH groups. However, in agreement
with the chemistry shown in Scheme 1, the IR spectra
cannot reveal any absorption differences in contrasting the
pure polymer and the composites in that the same basic
coupling reactions are involved with or without modified
BTO particles. As a result, these spectra were not included
in this paper.

Microstructural Analyses. The spectroscopic results
documenting the presence of the thin films on the plasma
treated samples were further confirmed by TEM analyses of
the unmodified and modified BTO particles. As shown in
Figure 3, a thin film coating is discernable on the coated
particles. Given the limitations of the TEM employed, it is
not possible to ascribe a specific thickness to the plasma
deposited films. The continued presence of photoelectrons
from Ba and Ti atoms, as shown by the XPS data on the
treated samples, indicates that the film thickness was, on
average, less than the X-ray penetration depth of approxi-
mately ~10 nm for the 70° take-off angles employed.

It was not possible to generalize about the extent of
particle aggregation for the coated and uncoated dry par-
ticles from the TEM micrographs in that it varied for both
types of particles from spot to spot. The pictures shown in
Figure 3 simple illustrate the presence and absence of the
plasma deposited film. However, as noted below, distinct
differences were observed in the extent of particle aggrega-
tion in contrasting the untreated and treated composite
materials.

Additional microscopic analyses included SEM studies of
the unmodified and plasma modified particles as they ap-
pear in the final synthesized BTO-epoxy nanocomposites.
The results obtained are shown in Figure 4, with the com-
posite containing the plasma modified particles shown at a
2-fold higher resolution. Despite this higher resolution, it is
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FIGURE 4. SEM picture comparing particle sizes and distributions
in the synthesized 3 phr nanoparticle loaded BTO/ epoxy nanocom-
posites (top, untreated nanoparticles (5.3), scale bar = 2 um,
magnification = 2000x; bottom, plasma-modified nanoparticles
(6.3), scale bar = 2 um, magnification = 4240x).

45 5 55 60 65 70 75 80
20
FIGURE 5. X-ray diffraction traces of unmodified (1, top) and plasma-
modified (2, bottom) BTO nanoparticles.

30 35

clear than the modified particle sizes are significantly smaller,
on average, and more uniformly dispersed than the unmodi-
fied particles. This is an important point in that the smaller
average size for the treated particles suggests a significant
decrease in the average extent of particle aggregation during
synthesis of the composites, presumably as a result of the
organic-based surface coatings and their more energetically
favorable interactions with the organic matrix solution,
compared to that achieved with the highly polar untreated
BTO particles. As shown in Figure 3, the plasma treatment
itself does not decrease the BTO particle size.

XRD Analysis. X-ray diffraction (XRD) studies were
carried out to examine if the plasma treatment had affected
the BTO crystal structure. Both untreated (1) and plasma
treated (2) BTO samples were examined, as shown in Figure
5. As depicted, the major characteristic peaks (36.8, 45.6,
52.9, 63.3°) at 20 values of BTO (18) are observed for both
1 and 2. As these two traces reveal, the pulsed plasma
discharge had no significant effect on the crystallinity of the
BTO nanoparticles.

Mechanical Properties. The stress/strain properties
of the pure polymer (4) and composites containing unmodi-
fied (5) and plasma modified (6) BTO particles were mea-
sured and contrasted. For the composites, BTO loadings of
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FIGURE 6. Stress-strain curves for pure epoxy polymer (4) and 3 phr
nanoparticle loaded composites with untreated (5.3) and plasma-
modified (6.3) BTO particles.
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FIGURE 7. Peak stress at break for the pure epoxy polymer (4) and
each of the composites containing unmodified (5) and plasma-
modified ( 6) BTO particles.

1, 2, 3, and 5 parts per hundred were employed for each
set of samples, as indicated by the designations 5.1, 6.1, etc.
Figure 6 shows typical stress-strain curves for the pure epoxy
polymer, as well as for samples containing unmodified and
plasma modified BTO, in this case, for the 3 parts per
hundred loaded samples (5.3 and 6.3, respectively). A
nonlinear response was obtained for all three samples up
to the break point, as commonly observed for polymeric
materials. More importantly, we note the distinctly different
break points for each sample, with the composites exhibiting
greater elongation before breaking than the pure polymer.
In particular, this elongation is significantly higher for the
covalently bonded BTO sample (6.3) compared to the physi-
cally mixed (5.3) sample. Similar differences were observed
in contrasting the samples having other percent loading.
Figure 7 provides a compilation of the stress at break for
other samples employed in this study. The percent elonga-
tions, at break, including the standard deviations, are shown
in Figure 8.

The key physical properties, summarized in Table 3,
include the modulus for each sample, as computed using the
initial slopes from the stress-strain curves, including the
standard deviations observed.

Thermal Properties. DSC Analysis. Significant
differences in glass-transition temperatures (Tg) were ob-
served in contrasting the DSC results of the pure polymer
and composite materials, as shown in Figure 9. Both classes
of composites reveal higher Ty values for the composites
than for the pure epoxy polymer. Additionally, the Ty values
for the composites containing the plasma modified BTO
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FIGURE 8. Percent elongation at break for the pure polymer
(ordinate) and the composite samples (5, 6) as a function of
nanoparticle loading (phr), as identified in the graph.

particles are uniformly higher than those for the physically
mixed samples, at all loading levels. Percentage wise, the
largest relative increase in Ty values are obtained for the 1
part per hundred loading, with subsequent smaller increases
obtained for the 2 and 3 phr loaded samples. However,
decreases in Ty were observed for both samples 5.5 and 6.5
when the loading is increased to 5 phr.

Representative comparison of DSC thermograms (Figure
10) for 4, 5.3, and 6.3 show that not only thermal properties
but also microstructure of the resulting nanocomposites are
strongly dependent on type of nanoparticles used (1 or 2).
A broad thermal phase transition ranging from 60—120° C
could be observed for composites containing unmodified
BTO, suggesting nonuniform distributions and thus forma-
tion of discrete micro domains within the nanocomposites.
In contrast, a relatively sharp phase change could be ob-
served for composites containing the modified BTO, similar
to pure resin 4, indicating a more uniform distribution of
particles within the matrix.

TGA Analysis. Thermal properties of all materials were
also examined by means of thermogravimetric analysis, in
runs carried out under N,. Representative TGA curves for the
pure epoxy polymer and the composites, containing 3 parts
per hundred loading of unmodified and surface modified
BTO, are shown in Figure 11. Also included in this figure are
the thermograms for the unmodified (1) and plasma modi-
fied (2) BTO particles, illustrating the thermal stability of
these particles. It is interesting to note that the very small
weight loss for the plasma modified BTO sample, covering
a relatively wide temperature range, is consistent with the
presence of the gradient layered plasma deposited polyamine
coating which has a sequential decrease in cross-link density
extending outward from the particle surfaces. The TGA data
for all polymer and composite samples are given in Table 4
in terms of the 5% weight loss temperatures (Ts) and weight
percent residual char at 500° C. Clearly, the composites
containing the surface modified particles (6) exhibit im-
proved thermal stability relative to the pure polymer (4) and
the composite containing the unmodified BTO particles (5).
In fact, with respect to the initial 5% weight loss, the
composites containing unmodified BTO exhibit slightly de-
creased thermal stability relative to the pure polymers.

In general, the TGA traces show a similar two-stage
weight loss pattern for pure epoxy (4) as well as the nano-
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Table 3. Summation of the Mechanical Properties of Pure Polymer (4) and the Nanocomposites Containing
Unmodified (5) and Plasma-Modified (6) BTO particles, Having Loadings Ranging from 1 to 5 Parts BTO per

100 Parts Epoxy (phr)

sample 1 (phr) 2 (phr) peak stress” (Mpa) elongation at break” (%) modulus £+ SD? (MPa)
Pure Epoxy Polymer
4 39.36 6.0 1032 £ 21
Unmodified BTO Nanocomposites
5.1 1 47.18 7.0 1211 £ 119
5.2 2 52.26 8.6 1139 £ 80
53 3 58.87 7.8 1263 £ 122
5.5 5 47.68 7.9 1212 £99
Plasma-Modified BTO Nanocomposites
6.1 1 69.85 12 1229 £ 41
6.2 2 75.1 13 1223 £ 119
6.3 3 78.74 13.2 1295 £ 61
6.5 5 74.65 12.4 1225 £ 163
“ Average values are given for the stress and elongation at break. ” SD = standard deviation.
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:—3 104 FIGURE 11. TGA traces for unmodified (1) and modified (2) BTO
T *5 m6 particles (left), and pure polymer (4) and nanocomposites with
102 + T T T T ] unmodified (5.1) and modified BTO ( 6.1) (right).
0 1 2 3 4 5

BTO loading (phr)

FIGURE 9. Glass-transition temperature (Ty) of pure epoxy polymer
(ordinate) and nanocomposites containing unmodified (5) and
amine surface-modified BTO particles (6).

Normalized Heat Flow
(endo down)

50 70 90 110 130 150
Temperature (C)

FIGURE 10. Representative DSC traces for pure polymer (4) and
nanocomposites with unmodifed (5.3) and modified BTO (6.3).

composites (5 or 6). The differences in the thermal proper-
ties of these materials are more clearly distinguished in
terms of the differential TGA (DTGA) data shown in Figure
12. The first large scale weight loss, starting at about
~335—360° C, is attributed to the loss of low-molecular-
weight cyclic or linear organic components and is considered
as the onset of decomposition of the polymer chain. The
second weight loss, starting at around ~400—425 °C, is
most likely decomposition of highly cross linked structures
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and hence strongly dependent on extent of nanoparticles
loading, as well as type of nanocomposites (i.e., 5 or 6). As
shown in Figure 12, samples containing the BTO particles
exhibit a decreased weight loss at the 335—360° C intervals,
with this decrease being significantly larger for the compos-
ite containing the plasma modified BTO particles. The
significantly improved thermal stability of the composites
containing the plasma modified BTO particles is attributed
to the reduced chain mobility in 6 (compared to 4 or 5)
because of covalent attachment of polymer chains to the
nanoparticles. This increased cross-linking contributes to
retarding radical chain transfer reactions, decreased escape
of organic volatiles and reduced oxygen diffusion at higher
temperature (19). In particular, this figure clearly reveals the
enhanced thermal stability of the composite containing the
covalently coupled BTO particles, relative to the physically
mixed composite, with respect to shifting significant amounts
of weight loss from the low-temperature to higher-temper-
ature regime.

DISCUSSION

The primary objective of this work was to examine the
efficacy of employing plasma surface modifications to im-
prove the physical properties of inorganic/organic nanocom-
posites. As detailed above, we believe these objectives have
been realized. As shown by the spectroscopic and micro-
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Table 4. TGA Data of Pure Epoxy (4) and Nanocomposites with Unmodified (5) and Modified (6) BTO Particles

sample no.
4 5.1 5.2 5.3 5.5 6.1 6.2 6.3 6.5
T5“ (°C) 336 330 331 334 326.5 340 342 339
residual char (wt %) at 500 °C 20.2 27.9 22.6 27 32.4 37 30.3 31.5

“T5: 5% weight loss temperature.
1.2 1

1 B

o
o
L

Derivative Wt. ( % / °C)
o
()]

350 400
Temperature ( °C)

300

FIGURE 12. Representative DTGA traces for pure polymer 4 and its
nanocomposites of unmodified (5.2) and modified BTO (6.2).

scopic results, the nanoparticle surface functionalizations
were successfully achieved. The properties of the composites
with the functionalized particles were indeed enhanced as
shown by studies of both the mechanical and thermal
characteristics of these materials. Importantly, these en-
hancements are achieved at relatively low loading levels, as
expressed with respect to weight percent. Given the much
higher density of the BTO relative to the epoxy, the loading
factors for the fillers would be significantly less when
expressed in terms of volume percents of filler compared
to matrix. However, as others have noted, in dealing with
nanoparticles, thin interfacial layers can actually represent
significantly larger volumes when these interfacial contribu-
tions are included in the filler volumes (5e). Thus, it is
possible to observe significant changes in composite proper-
ties even at relatively low weight percents of filler. This is
particularly true in the present case in that the plasma
treated particles appear significantly less aggregated in the
composites compared to the composites formed with un-
treated particles. This decreased aggregation promotes en-
hanced interfacial interactions between particle and organic
matrix.

The selection of depositing amine functionalities on the
BTO particles was based on the known rapid reactions of
these groups with epoxides, thus providing an opportunity
to covalently couple the inorganic and organic components,
in that way creating a novel class of more structurally
integrated nanoparticle inorganic—organic composites. Me-
chanical properties of any composite system are highly
dependent on effective load transfer ability from polymer
matrix to reinforced filler. Obviously, the role of interfaces
in composites is very important as it directs the load transfer
capability or deformation from the matrix to the filler
particles. This is particularly true with nanoparticles, given
their high surface to volume ratios, thus tending to maximize
the magnitude of interfaces between polymer and inorganic
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fillers. In light of the results obtained in the present study, it
appears that this load transfer capability can be significantly
enhanced by covalently bonding these nanoparticles to the
polymer matrix, as opposed to the simple physical mixing
of the inorganic and organic components.

With respect to measurement of the physical properties,
elongation-to-break indicates the rupture behavior of com-
posite materials and generally decreases with increased filler
loading (12j, 20). However, unusual results were observed
for elongation at break in this study. Elongation at break
follows the same trend as tensile strength, increasing as the
percent loading was varied from 1 to 3 g of BTO per 100 g
of epoxy resin. The maximal value of 13.2 % elongation for
the samples containing the modified BTO is significantly
higher than the 8.6 % observed for the unmodified particles
or the 6% elongation for pure epoxy polymer. The results
suggest that the nano fillers may improve both the failure
behavior and energy absorption of nanocomposites by
acting as crack growth stoppers, without interrupting poly-
mer matrix deformation significantly (20c). Nevertheless,
there is clearly a limit to the useful extent of loading in that
the elongation-to-break properties decreased at 5 g to 100 g
loading level. This result suggests that perhaps rigidity of the
inorganic particles have begun to impart increased brittle-
ness in the composites.

With respect to thermal properties, the improved stabili-
ties of the composites at higher temperatures, relative to the
pure polymer, is attributed to restrictions in chain mobility
of the matrix resulting from filler—matrix interaction. Fur-
thermore, it is also clear that Ty values of the composites
containing the modified particles are consistently higher
than those materials containing the unmodified BTO. It is
well-known that for a given thermosetting polymeric system,
cross-link density is one of the important factors that affect
Ty values (12j). For nanocomposites, mobility of nanopar-
ticles is an important factor, which is a function of nanopar-
ticle dimension, the matrix—nanoparticle interaction, and
the thermodynamic state of the matrix (12j, 21). In the
present case, direct chemical attachment of nanoparticles
with the matrix act as a cross-linking point, which further
reduces the molecular motion of polymer chains, thus
contributing to an increased Tg. This restricted segmental
movement not only increases the Ty but also improves the
overall thermal stability of the nanocomposites, as evi-
denced by the TGA results (Figures 11 and 12). It is interest-
ing to note that, in common with the mechanical properties,
a reduction of Ty above 3 parts per hundred loading is
observed for both types of composites. It is not clear why
the reduction in Ty values is observed. Planned additional
studies, such as examination of these properties with a range
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of nanoparticles of different size and having different surface
densities of reactive functional groups, will hopefully shed
light on this important topic.

We conclude by noting that the basic approach described
in this work is one of general utility in that it can be applied
to virtually any nanoparticle and, dependent on monomer
choice employed in the plasma step, can be used to intro-
duce a wide range of functionalities on the particles. As such,
it provides an unusual opportunity to explore the properties
of nanocomposites having a broad spectrum of inorganic
and organic materials. We are currently involved in examin-
ing this possibility, including extension of these studies to
include elastomers.

CONCLUSION
The plasma polymerization approach provides a conve-

nient all-gas phase technique to introduce reactive organic
functional groups unto the surfaces of inorganic nanopar-
ticles. The adhesion of the polymer films on the particles is
sufficiently strong to permit synthesis of inorganic/organic
composites having improved particle dispersions and thus
significantly improved physical properties, achieved at rela-
tively low loading of the inorganic components.
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