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Abstract

The addition of nanofillers can have a significant influence on the resin stoichiometry of
thermosetting polymer systems. Based on differential scanning calorimetry (DSC) results, it is
estimated that the inclusion of 2 wt% and 5 wt% of silicon nitride nanofiller displaces the
resin/hardener stoichiometry of an epoxy/amine network by 6.5% and 18%, respectively.
Dielectric spectroscopy results confirm the above findings, in that the spectra of the
nanocomposite samples were found to be equivalent to the spectra of unfilled samples when
the above stoichiometric effect was taken into account. Therefore, this study provides clear
evidence that the presence of a nanofiller can directly and significantly affect the curing process
of an epoxy network. Consequently, this should always be considered when introducing
nanofillers into thermosetting matrices. These results indicate the presence of covalent bonding
between the nanoparticles and the surrounding polymer and, therefore, provide an opportunity
to explore the influence of this bonding on the molecular dynamics of the polymer layer around
the particles. However, the obtained DSC and dielectric spectroscopy results suggest that, in
the system considered here, either the covalent bonding does not have an appreciable influence
on the segmental dynamics of the polymer, as revealed by these techniques, or that the
thickness of the affected layer is less than 1 nm and therefore too small to be distinguished

from experimental uncertainties.
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1. Introduction

Over the last decade, nanodielectrics has captured the attention of many researchers worldwide
in their search to develop new high voltage (HV) insulation materials that meet the steadily
growing demand for increased energy density and lower loss electrical power systems.
However, a detailed and critical understanding of the linkage between the physics and
chemistry of the components of nanodielectrics (nanofiller & polymer matrix) and the electrical
behaviour of these systems is far from being secured yet. One of the key aspects of a nanofiller
is its large specific surface area, which will result in a large interfacial area between the
nanofiller and the encapsulating polymer. Different chemical [1], physical [2] or electrical [3]
interactions can occur between the two phases, depending on the characteristics of the matrix
and the nanofiller. For epoxy based nanocomposites, nanoparticles are incorporated into the
resin in its liquid state before the curing process, which allows better particle dispersion and
also enables the particles to interact with the reactive resin and hardener. These interactions
might include chemical reactions between the nanofiller surface functionalities and the active
groups, either in the resin (for example, epoxy groups) or in the hardener (for example, the
amine groups in the current study). Such reactions may modify the effective resin/hardener
stoichiometry and, thereby, change the structure of the resulting network after curing. A
previous investigation [4] showed that modifying the resin/hardener stoichiometry in an
unfilled epoxy system significantly influences the electrical properties of the resulting epoxy
network. Accordingly, the influence of nanofiller addition into an epoxy matrix might be
related to a commensurate change in the resin/hardener stoichiometry, rather than being
directly associated with the presence of the nanofiller. Therefore, this parameter, which usually
receives little attention, should be considered when analysing the performance of epoxy based

nanocomposites.

Silicon nitride (Si3N4) is an important ceramic material, which has excellent mechanical and
electrical properties, such as high breakdown strength, good wear resistance, high thermal
conductivity and low thermal expansion coefficient both at room and elevated temperatures
[5,6]. More interestingly, the surface chemistry of Si3Ny is characterised by the existence of
amine and, to a lesser extent, hydroxyl groups [7-9]. Both of these groups, particularly the
amine groups, can react with the epoxy groups in the resin matrix; while the hydroxyl groups
usually react only at higher temperatures (>120 °C), they can, nevertheless, act to catalyse
amine/epoxy reactions [10]. Therefore, this surface chemistry makes Si3Ny intrinsically

compatible with an epoxy matrix. In principle, reactions between the amine groups on the



silicon nitride surface and the resin’s epoxy groups would be expected to be similar to reactions
between the latter groups and the amine groups in the hardener. Hence, the inclusion of a Si3N4
nanofiller within an epoxy matrix might consume a fraction of the epoxy groups, which would
otherwise be expected to crosslink with the hardener and, consequently, may change the
effective resin/hardener stoichiometry throughout the whole matrix. The degree of this change
in the stoichiometry will depend on the nanofiller surface area, the density of the surface amine

groups and the processing conditions, i.e. the mixing procedure, period and temperature.

While detecting a nanofiller stoichiometric influence can help in analysing the performance of
epoxy-based nanocomposites, it also offers an opportunity to investigate some of the
hypotheses that have been proposed in the literature to account for the behaviour of
nanodielectrics. For example, enhanced interactions between the nanoparticles and the epoxy
resin in its liquid state should lead to improved dispersion of the as-prepared nanofiller.
Nanoparticle dispersion usually imposes a challenge for obtaining actual nanodielectric
systems, where the nanoparticles, due to their large specific surface area and surface tension
forces, tend to agglomerate, producing a sub-microcomposites [11,12]. Many researchers have
tried to overcome this by treating the nanofiller with matrix-compatible functionalities [13-17].
However, this treatment brings other parameters into play, such as changing the particle surface
chemistry and water absorption, and thus complicates the analysis of the influence of particle

dispersion.

Furthermore, many studies have claimed that interactions between nanoparticles and the
polymer host matrix result in the formation of an interfacial zone or interphase layer with
modified polymeric chain dynamics [18,19], alignment [20,21], or morphology [22].
Commonly, such models were proposed to interpret the unexpectedly significant impact of
adding a small amount of nanofiller on one or more of the properties of the resulting
composites, where two-component effective medium theories cannot explain such effect; some
workers term have termed this a nanoeffect [23]. For example, the dielectric permittivity of
epoxy nanocomposites was found to be lower than that of both the filler and polymer materials
in [24-26]. Therefore, the above proposal suggests the formation of an interphase layer and,
consequently, define nanocomposites as a tertiary system that consists of filler, matrix and
interphase layer around the particles. The thickness for such an interphase has been postulated
to range from 5-50 nm for different models, based on the experimental results concerned.

Indeed, several simulation studies [27-29] have also indicated the existence of an interphase



layer with different chain dynamics around nanoparticles. These investigations have shown
that strong attractive polymer/nanoparticle interactions reduce the segmental dynamics near
the particles’ surface, while repulsive or weak interactions increase segmental dynamics of the
interphase layer [29,28]. Identifying a stoichiometric effect for the addition of Si3N4 nanofiller
implies the presence of chemical reactions between the epoxy matrix and the nanofiller which,
according to the above suggestions, should result in an interphase layer around the
nanoparticles where molecular dynamics may be modified. Therefore, this study will
investigate the impact of filler/matrix interactions between an epoxy matrix and inherently
compatible Si3Ns nanoparticles on resin/hardener stoichiometry, particle dispersion, and

molecular dynamics of silicon nitride epoxy nanocomposites.

2. Experimental

2.1 Materials

The silicon nitride nanofiller utilized in this study has a spherical shape with particle size < 50
nm, as specified by the supplier (Sigma Aldrich). The epoxy resin is DER 332, from Sigma
Aldrich. This resin is based on diglycidyl ether of bisphenol-A (DGEBA) and has relatively
low epoxy equivalent molar mass of 174 g/mol, which is close to that of pure DGEBA
(170 g/mol). The hardener used for curing is Jeffamine D230, from Huntsman. This hardener
is a polyetheramine hardener with an amine hydrogen equivalent molar mass of 60 g/mol.
Unlike other epoxy systems, 1.e. anhydride-cured epoxy, where the curing process can proceed
via different competitive chemical routes [30-32], a previous study [4] showed that the
crosslinking process in this amine based epoxy system is mainly due to the reaction between
the epoxy and amine groups. Therefore, this system was chosen for this investigation as its
networking mechanism is simple and any potential variations in the crosslinking density can

be directly related to the resin/hardener stoichiometry.

Based on the epoxy and amine equivalent molar masses, the theoretical resin: hardener
stoichiometric ratio is 1000: 344. As different ratios are employed in this study, a parameter
termed the hardener percentage (HP) is used to distinguish between different resin/hardener

formulations. This parameter is defined by:

mass of the hardener used

HP =

hardener stoichoimetric mass

% Eq. (1)

where the hardener stoichiometric mass equals 0.344 of the resin mass.



The prepared nanocomposite samples can be divided into two series. The first is filled with
2 wt% Si3Ny at three different HPs, while the other second contains 5 wt% of nanofiller and
employs the same HPs used in the first series. As stated above, the incorporation of Si3N4
nanofiller would be expected to increase the overall amine content of the system, therefore, our
emphasis was on preparing nanocomposite samples with HP < 100 % to observe if the added
filler will compensate the lack of hardener amine groups. Furthermore, the effect of changing
HP on the filled samples was compared with its effect on unfilled samples, which was published
in a previous study [4]. In this case, if the Si3Njy filler has an impact on the stoichiometry, then
a difference between the behaviour of the filled and unfilled samples might be observed and
this difference should be proportionally related to the filler loading ratio. The prepared samples
can be identified by two parameters, the Si3N4 loading ratio and HP, and hence each sample
was given a code which consists of three parts, the first part is common for all the samples and
refers to the epoxy resin, the second part refers to the HP used in the samples and the last part
refers to the filler loading. For example, E/80H/5SiN refers to an epoxy cured with HP = 80 %
and containing 5 wt% silicon nitride; E/100H/0 refers to an epoxy cured with HP = 100 %
(stoichiometric ratio) without any filler; this latter system is taken as a reference for all other

samples.

The preparation procedure of the unfilled samples starts with adding the hardener to the resin
with the mass ratio required for the specified HP. After that, the hardener was thoroughly mixed
with the resin using a magnetic stirrer for 15 min at room temperature. Subsequently, the
mixture was degassed at 35 °C for 20 min, before casting it into a steel mould for curing. Based
on the manufacturer’s instructions, the curing was performed in a fan oven for 2 h at 80 °C
followed by 3 h of post-curing at 125 °C. For the filled samples, the nanofiller was manually
mixed with the resin, and then a probe sonicator was used for 45 min to disperse the particles
further. This was followed by heating the particle/resin mixture for 4 h at 100 °C so as to
stimulate or accelerate any potential interactions between the particles and the resin [25]. After
that, the hardener was added and the above epoxy processing procedure was followed. The
samples were produced with a thickness of 200 +£10 um. Before any testing, all samples were
stored under vacuum at room temperature for two weeks to remove any water that might be

absorbed during the preparation process.



2.2 Differential Scanning Calorimetry

The crosslink density and the molecular dynamics of the cured samples were examined by
characterising the glass transition process using a Perkin Elmer DSC 7 differential scanning
calorimeter (DSC). A specimen, ~10 mg in mass, was used to perform two consecutive DSC
scans at a heating rate of 10 °C/min. The obtained DSC traces were normalized with respect to
sample mass after subtracting the filler mass, since the filler does not contribute to the glass
transition. The first scan was used to eliminate the thermal history of the specimens and all the
data quoted were deduced from the second scan. Three parameters were extracted: the glass
transition temperature (Tyg), defined as the temperature at which the rate of change in the heat
capacity is maximum; the glass transition width (ATy), defined as the temperature range at
which the glass transition takes place; the increase in the heat capacity over the glass transition
(AG)). For each material, the measurement was repeated three times using different specimens

in order to analyse the obtained data statistically.

2.3 Scanning Electron Microscopy

A JEOL JSM-6500F scanning electron microscope (SEM) operating at an accelerating voltage
of 15 kV was used to observe particle dispersion inside the epoxy matrix. A cryo-fracturing
method was used to expose an internal surface without deforming the polymer during the
fracturing process. The exposed surface was sputtered coated with a thin layer of gold to

prevent charge accumulation during SEM examination.

2.4 Dielectric spectroscopy

Dielectric spectroscopy was used to probe the impact of the nanofiller on the polar content and
segmental dynamics of the epoxy matrix. Dielectric spectra for all samples were collected over
a range of temperatures using a Solartron 1296 dielectric interface along with a Schlumberger
SI 1260 impedance/phase gain analyser. The measurement cell consists of two circular parallel
plates with a diameter of 30 mm. Before measurement, the samples were sputtered coated on

both side with gold to improve the contact between the sample and the cell’s electrodes.

3. Results and discussion

3.1 Glass transition and molecular dynamics

Glass transition temperature

Variations in the glass transition temperature of the 2 wt% and 5 wt% filled samples are
presented in Fig. 1. Ty of the unfilled samples are also included in this figure, for comparison.

For the unfilled epoxy, as demonstrated in [4], Ty is predominantly controlled by the
6



crosslinking density, which is a function of the resin/hardener stoichiometry. Therefore,
decreasing or increasing the HP beyond the stoichiometric percentage (HP = 100 %) leads to a
reduction in Tg. However, as shown in our previous detailed analysis of the behaviour of the
unfilled system, Ty falls more sharply in system that contain an excess of resin compared with
those with an excess of hardener [4]. This, we have proposed, is a consequence of the different
ways in which excess epoxide and amine groups influence the network topology that forms,
which stems largely from the different functionalities of resin and hardener molecules and the
different reaction rates of primary and secondary amine hydrogens. Conversely, both the 2 wt%
and 5 wt% filled samples apparently exhibit different trends. For the 2 wt% filled samples,
reducing the HP to 90 % does not lead to a significant reduction in Ty; this is, therefore, contrary
to the behaviour previously reported for the unfilled counterpart. Reducing the HP further from
90 % to 80 % does, however, result in a significant decrease in Ty, which is comparable to the
change seen in the unfilled samples when HP is similarly reduced by 10%. For the 5 wt% filled
samples, the addition of Si3N4 to the stoichiometric formulation results in a significant decrease
in Ty when compared with the stoichiometric unfilled sample. Decreasing the HP to 90 %
results in a significant increase in Ty and this increase continues when HP decreases to 80 %,

which is in total contrast to the trend seen in the unfilled samples.

This substantial variation between the effect of changing the stoichiometry on Ty of the filled
and unfilled samples, might be a physical or chemical consequence of the presence of the Si3N4
nanofiller. In the former case, the presence of the nanoparticles may impose a geometric
confinement on the polymer molecules, alter the morphology of the matrix, or affect the
dynamics of the surrounding polymer chains depending on the attraction strength between the
polymer and the particle surface [33,29,34]. These effects would modify the dynamics or the
free volume content of the host polymer, which correspondingly, influences Ty. For the
chemical case, the nanoparticles may chemically interact with the active functionalities in the
resin or the hardener, which might then change the crosslinking mechanism or modify the
stoichiometry of the active groups in the system. Bignotti [35] examined the effect of changing
the resin/hardener ratio on the behaviour of an unfilled and a clay filled amine/epoxy matrix
and found that the nanofiller affects neither the crosslinking density, deduced via measuring
the elastic modulus, nor the Ty, extracted from DSC measurements. Similar findings have been
reported by Nguyen [32] for an anhydride epoxy system, where the incorporation of nanosilica
affected neither the curing mechanism nor the Ty. Yeung [36] recently has observed that the

addition of untreated silica had no significant influence on the Ty of the same epoxy matrix
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considered here. Other studies [37,38] that considered non-crosslinking polymers have also
reported a slight influence on Ty, even when the nanoparticles affect the polymer dynamics by
inducing a rigid layer, which does not exhibit a glass transition. These findings suggest that as
long as the nanoparticles do not chemically interfere with the curing process, their physical
presence has a marginal impact on Ty. Nevertheless, a number of studies have claimed that
nanofiller inclusion may increase the free volume in a polymeric matrix [39] or may act to
disrupts polymer chain crosslinking [40,41] which, in both cases, leads to a reduction in Tj.
Conversely, many other experimental [33,42] and molecular dynamics simulation [27] studies
have indicated that strong filler/matrix interactions might reduce the local polymer chain
mobility and thus yield a more rigid polymer with higher Ty. In the current investigation, if any
of the physically induced effects is dominant, then the variations in T4 should be a function of
the filler loading not the HP. Clearly this is not applicable, where, for example at 5 wt% Si3N4
loading, the nanofiller reduces Ty by 17 °C at HP of 100 % and increases it by 24 °C at HP of
80 % (here each filled sample was compared with the unfilled sample that has the same HP, as
shown in Fig. 1). Therefore, we suggest that the behaviour of Ty is predominantly governed by
the stoichiometric effect of the nanofiller. Since the surface of Si3N4 is primarily covered by
amine groups [7-9], its presence would be expected to increase the effective amine content and,
thus, result in an effective HP that is higher than the nominal HP. Indeed, as shown in Fig. 1,
at 2 wt% the particles compensate for part of the amine groups as evinced by lowering the
sharp reduction in Tg when the nominal HP < 100 %. Similarly, at 5 wt% loading, the particles
increase the amine content, which produces an amine-rich matrix at a nominal HP value of
100 % and compensates for a considerable part of the amine content at a nominal HP of 80 %.
In order quantitatively to estimate the influence of the filler on the stoichiometry, the HP of the
nanocomposites was modified until Ty of the filled samples best matches the Ty of the unfilled
samples. According to its definition in Eq. 1, the HP is calculated as a ratio of the resin and,
therefore, if the amine groups on the surface of the Si3N4 particles have consumed a percentage,
x, of the epoxy groups in the resin, then the effective hardener percentage (HPef) can be
calculated by:

HP

HPers = (100 — x)

Eq. (2)

where HP is the nominal hardener percentage as defined in Eq. 1. Depending on curve fitting
between the filled and unfilled samples, it was estimated that x is ~6.5 and ~18 for the 2 wt%

and 5 wt% nanocomposite series, respectively. Hence, 2 wt% of Si3N4 reacts with ~ 6.5 % of
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the epoxy groups and 5 wt% of Si3N4 consumes ~ 18 % of the resin epoxy groups. Fig. 2 shows
Ty results for all samples as a function of HPef, 1.e. after adjusting the HP of the nanocomposite
samples according to Eq. 2. Here, it is worth mentioning that HP and HPef are equivalent for
unfilled samples, since x = 0. Evidently, Ty of filled and unfilled samples exhibit similar trends
and this was for both 2 and 5 wt% filled samples. The ratio between the resin consumed in the
2 wt% and 5 wt% filled samples according to the above estimation is 18/6.5 (2.77), which is
close to the nominal ratio of 5/2*98/95 (2.58) (the factor 95/98 is to account for the resin
replaced by the 5 and 2 wt% filler content). This provides substance to the hypothesis that the
added filler reacted with 6.5 % and 18 % of the epoxy groups at 2 wt% and 5 wt%, respectively.

—O— Unfilled samples
40 —o— 2 wt% filled samples
—a—5 wt% filled samples

60 70 80 90 100 110 120 130 140
Hardener percentage (%)

Fig. 1 A comparison between Ty of the filled and unfilled epoxy samples
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Fig. 2 Ty of all samples as a function of effective hardener percentage



Molecular dynamics over the glass transition

The stoichiometric effect described above provides clear evidence of chemical reaction
between the Si3Ny particles and the polymer and, consequently, the next step is to examine how
this bonding affects the molecular dynamics over the glass transition. Fig. 3a shows the
variation of AC, with HP for the 2 wt% filled, 5 wt% filled and unfilled samples. The data
show that AC, of the nanocomposite samples does not line up with their counterparts from the
unfilled samples. However, when the HP of the nanocomposites is adjusted in the same way as
was done above for the Ty results, AC, for both nanocomposite series align well with the results
obtained from the unfilled samples (see Fig. 3b). Such agreement reinforces the above assertion
about the SizNy filler’s stoichiometric effect and also implies that anchoring of the epoxy
molecules on the surface of the particles does not appreciably modify the local segmental
dynamics of the epoxy network. Harton [43] and Sargsyan [37] reported that strong hydrogen
bonding interactions between silica nanoparticles and polymeric matrices result in an
immobilised layer around the particles that does not take part in the glass transition relaxation,
such that the AC, of the nanocomposites was found to decrease proportionally with the filler
loading. However, in both of these studies, experimental AC, values obtained from the
nanocomposite samples could only be statistically discriminated from AC, values of the
corresponding pure polymers when the filler loading was > 20 vol% (filler size <25 nm in both
investigations). Consequently, the authors estimated the thickness of the immobilised layer to
be ~1 nm in [43] and ~2 nm in [37]. Since the maximum filler loading used in our study is
much less than 20 vol%, we conclude that the existence of such immobilised layer could not
be differentiated from the experimental uncertainties in our data. However, relying on filler
size and loading when comparing different studies might be insufficient, since there is another
factor that needs to be included, particle dispersion, which is difficult to quantify. As an
alternative, in this study, we can rely on the estimate that around 18 % of the epoxy groups
crosslink with the particle surfaces at 5 wt% filler loading to explore the possibility of any
constrained layer. Assuming that for each attached epoxy group, the dynamics of its
corresponding DGEBA molecule is confined and forms an immobilised segment. This implies
that the thickness of the postulated immobilised layer corresponds to the length of one DGEBA
molecule or 2.6 nm [44], which is in the range of the thicknesses proposed by Harton [43] and
Sargsyan [37]. This would result in an immobilised mass fraction that equals 18 *2 *1000/1344
or ~27% of the whole polymeric matrix; assuming that each DGEBA molecule can react with

the particles with only one of its two epoxy groups and considering the mass of the hardener at
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HP =100 %. A mass fraction of 27 % is well out of the experimental uncertainties shown in
Fig. 3 and, therefore, it should be detectable. Since this is not the case, the thickness of any
possible immobilised layer should be less than one DGEBA molecule length. Based on 95 %
uncertainty boundaries, which is around +£7.5 % of the average of AC,, an immobilized layer
that represents more than 7.5 % of the sample polymer mass should be experimentally
detectable. Consequently, the thickness of any immobilized layer should be < 1 nm.
Investigating the chemical structure of DGBEA shows that the epoxy group is connected to the
rest of the molecule through an ether functional group. This connection is structurally flexible
as the conformation of C—O—-C has low energy and steric barriers. The existence of such a
flexible bond might limit the effect of any dynamic confinement, due to the bonding to the
particle, to the few atoms next to the epoxy/particle bond and, therefore, this will bring the
thickness of any affected layer to a few angstroms. Consequently, in this particular system, the
structure of the DGBEA molecules may reduce the impact of polymer/particle interactions on
the segmental dynamics of the polymer layer surrounding the nanoparticles. However, different
impact on the polymer dynamics could occur for different polymer chain structures, as reported

elsewhere [37,43.,45].
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Fig. 3 The change in the heat capacity over the glass transition process: (a) as a function of

nominal hardener percentage and (b) as a function of effective hardener percentage

Network homogeneity

Instead of forming a completely rigid layer that does not contribute to the glass transition, other
studies have claimed that strong filler/polymer interactions cause a broadening of the glass
transition to higher temperatures [45-47], or result in additional glass transition steps at
different temperature [45-48]. Therefore, the polymer/filler attachment might cause a
restriction for the segmental dynamics of the surrounding polymer and this effect gradually
decreases with the distance from the particle surface. Such an effect would reduce the
homogeneity of the polymeric matrix and, as a result, increase the glass transition width (ATy).
Alternatively, the affected polymeric fraction may relax at a distinct temperature range, which
would be reflected as a second glass transition step in the DSC traces. To investigate these
possibilities, Fig. 4 presents representative DSC traces obtained from a number of different
systems, while Fig. 5 compares ATy of the nanocomposite samples (after adjusting their HP)
with ATy of the unfilled samples. Both of these figures do not show any sign of significant glass
transition broadening or additional glass transition processes in the nanocomposite samples.
This again suggests that the thickness of any affected polymeric layer is too small to result in
a measurable influence on the cooperative dynamics (i.e. at the glass transition) of this

particular epoxy system.
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Fig. 4 DSC traces obtained from the reference sample and some of the filled samples
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Fig. 5 Glass transition width as a function of effective hardener percentage for all samples

3.2 Dielectric spectra

Dielectric spectra obtained from the two nanocomposite series along with the reference sample
are presented in Figures 6 and 7. A broad f relaxation process that peaks at ~4 x 10* Hz and
extends from 1 MHz down to low frequencies around 10 Hz is pronounced in all samples.
However, its strength varies from one sample to another. This relaxation is generally attributed
to the rotation of the hydroxyether groups that are generated due to the crosslinking reaction
between the epoxy and amine groups [51-53] and its strength should therefore be related to the
crosslinking density of the epoxy network. For the 2 wt% filled nanocomposites, the strength
of the ff relaxation for samples E/100H/2SiN and E/90H/2SiN is not significantly different from
that of the reference sample, since the crosslinking density in these samples, deduced from Ty,

is not markedly affected. For sample E/80H/2SiN, Fig. 6b indicates that the strength of the S
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relaxation is noticeably reduced and, consequently, the real part of the relative permittivity (€;.)
is increased at high frequencies. This behaviour was also seen in unfilled samples when HP is
less than 100 %, as reported in [4]. Part of the f relaxation reduction is attributed to the lower
concentration of hydroxyether groups (as evinced by the lower Tg) and another part is related
to its partial displacement to higher frequencies, which results in the uplift in the values of €,. at
high frequencies [4]. For the 5 wt% filled samples, the strength of the f relaxation increases
progressively as the nominal HP is reduced from 100 % to 80 %, which correlates with the
behaviour of Ty of these samples and also implies that the effective crosslinking density and
HPefr are anti-correlated with the nominal HP. Furthermore, such smooth variations in the f
relaxation is in accordance with its behaviour for amine rich unfilled samples [4]. Therefore,
these variations in the f relaxation lead to the same conclusions as derived from the DSC results
concerning the crosslinking density and the stoichiometric influence of the SizNy filler. To
consolidate further the above description of the f relaxation, its strength was estimated by
evaluating the difference in €, between 1 MHz and 10 Hz for each sample and the results are
presented in Fig. 8 as a function of HP for the unfilled samples and as a function of HPefr (based
on Ty analysis) for the nanocomposites. This approach of evaluating the relaxation strength,
rather than depending on absolute values of €,’, has the advantage of eliminating some of the
experimental errors. Although the data in Fig. 8 could be influenced by the experimental errors
as could be seen by the overlapping of the error bars, the data reveal that both the unfilled and
filled epoxy matrices exhibit analogous f relaxation with respect to their nominal and effective

HP, respectively.
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Fig. 8 The strength of the f relaxation for all samples as a function of HP for the unfilled

samples and as a function of HPef (based on Ty analysis) for the nanocomposite samples

Another feature that appeared only in the spectra of the 5 wt% filled series at frequencies
<1 Hgz, is that €, starts increasing gradually with decreasing frequency (Fig. 7). This increase
in €, at low frequencies might be due to a higher DC conductivity of these samples or might
be the high frequency tail of a relaxation that peaks at a frequency below our accessible range.
Many studies have shown that the addition of nanoparticles imparts a new mid- or low-
frequency relaxation peak that moves to higher frequencies with increasing temperature [36,54]
or with absorbed water [55-57]. Related to the materials considered here, Hosier [58] has
recently reported that the addition of Si3N4 nanoparticles into a polyethylene matrix causes a
new relaxation that shifts to higher frequency with higher water uptake; Yeung [36] has also
observed a similar feature that peaks at higher frequencies for higher temperatures, for the same
epoxy matrix when filled with nanosilica. This phenomenon is attributed to the polar
functionalities on the nanoparticles’ surface and the water molecules which associate with these
groups. Consequently, if the behaviour observed here is due to nanoparticle related relaxation,
it should be a function of nanoparticle content. While this may rationalize the absence of this
feature in the 2 wt% filled series, it is not consistent with the variations seen between the
different 5 wt% filled samples (which have the same particle content) and, thereby, this
eliminates the attribution to particle related relaxation. Nevertheless, to corroborate the above
conclusion, dielectric spectra of sample E/100/5SiN was obtained at higher temperatures
(Fig. 9a) and after exposing it to ambient condition, which allows it to absorb water (Fig. 9b).
As is evident from these spectra, in none of these cases does this feature develop into a
relaxation peak that moves to higher frequencies. Instead, €, continues further to increase at

low frequencies, which is a typical behaviour that results from higher DC conductivity at higher
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temperature [4] or higher water content [59]. Therefore, we suggest that this behaviour is
related to increased DC conductivity in these samples. As shown in [4], the DC conductivity
of unfilled samples is proportionally correlated with HP, which matches the values of €, at low
frequencies in Fig. 7b, where sample E/100/5SiN has the highest HP and, accordingly, it should
have the highest DC conductivity and €, at low frequencies. Another inference relating to the
above discussion, is that the absence of any particle related relaxation in the systems
investigated here implies that most of the polar content on the surface of the particles is
removed. This implies that most of the particles’ amine groups have reacted with the resin’s
epoxy groups, which results in hydroxyether groups, as is the case when the resin reacts with

the hardener. This again reinforces the effect of SizNjy filler on the stoichiometry.

Regarding variations seen in the absolute values of €., notwithstanding that most of these
variations are within experimental uncertainties, one trend can be observed. That is, within
each nanocomposite series, €, decreases in proportion to the reduction in the f relaxation
strength. For example, at 10 Hz, €, slightly decreases from sample E/100/2SiN to sample
E/80/2SiN, where the value of €, is even less than in the reference sample. This trend can be
explained by the decline in hydroxyether group concentration (polar content), which is a

consequence of the reduction in the crosslinking density.

In conclusion, apart from the feature caused by the apparent increase in DC conductivity, the
dielectric spectra of the filled samples and their unfilled counterparts are analogous, when the
filler stoichiometric effect is taken into account. That is, the nanofiller does not appreciably
affect the polar content or the dynamics of the already existing polar groups. Rationally, since
the DSC data analysis demonstrated that the filler does not markedly modify the cooperative a
relaxation at the glass transition, it is expected that the more localized f relaxation is not
affected as well. Even in studies that have reported a nanofiller effect on the glass transition,
the smaller scale f relaxation was not perturbed [37,43]. On the other hand, other studies
[24,25], which investigated the effect of nanofiller on dielectric response of epoxy matrices,
claimed that nanofiller inclusion can lead to €, values that are lower than the €, of both the
filler and the host matrix. These studies justified this reduction by postulating a layer of
restricted polymer chain mobility around the nanoparticles, however no experimental
exploration has been attempted to validate this proposition. As discussed above, changing the
resin/hardener stoichiometry results in a reduction in the £ relaxation strength and, to a lesser

extent, €,.. Therefore, the reduction in €, seen in these studies might be related to nanofiller-
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induced stoichiometry variations. Although, in both studies the behaviour of Ty was not
reported to confirm any stoichiometric effect, yet, in both of these studies, there are signs that
may support this rationalisation. In [24] the reduction in €, was accompanied by a reduction in
the f relaxation, which may imply a reduction in crosslinking density. In the other study [25],
the €, reduction was more pronounced in the samples prepared following a specific route that
included mixing the particles with the resin for 12 h. In this preparation route, any possible
reaction between the particles and the components of the epoxy matrix is maximized, due to

the long period of mixing, which may affect the stoichiometry of the network.
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Fig. 9 Imaginary relative permittivity of sample E/100H/5SiN at: (a) different temperatures,

and (b) different water content

3.3 Nanoparticle dispersion

Fig. 10 presents representative SEM images obtained from unfilled and filled samples. The
image of the unfilled sample, Fig. 10a, shows a typical featureless one phase morphology, in
accordance with the amorphous single phase structure of epoxy networks. Similar SEM images
have been reported elsewhere [60,32]. For the filled samples, Fig. 10b shows well dispersed
nanoparticles throughout the network. The higher magnification image shown in Fig. 10c

indicates that individual particles, of a size commensurate with that quoted by the supplier
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(< 50 nm), are uniformly distributed within the matrix. Nonetheless, Fig. 10c also shows the
presence of occasional small agglomerations, less than ~300 nm in size, where a few particles
are clustered beside each other. Compared with some other nanofiller types, the dispersion state
shown here for Si13N4 is much better. For example, the introduction of untreated silica, which
is polar and thus can be considered compatible with the polar epoxy matrix, has been reported
to produce particle agglomerations that can reach the microscale size [61,62]. Even for silica
which was treated with a silane coupling agent terminated with an epoxy group, microscale
particle agglomerations have been observed [36]. Furthermore, the same SizN4 nanofiller
investigated in this study, showed an inferior dispersion state when it was added into
polyethylene [57] or polypropylene [63] matrices. Therefore, the superior particle dispersion
in the systems investigated here should be a consequence of the chemical reaction between the
surface amine groups of the SizN4 and the epoxy groups in the resin, which represents stronger
interactions than that provided by Van der Waal attraction or the hydrogen bonding between

combatable or polar functionalities on the particle surface and in the polymer base material.

(a)

10um

(b)
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Fig. 10 Representative SEM images for (a) unfilled epoxy, (b) 5 wt% SizNs filled epoxy, and
(¢) 5 wt% Si3Ny filled epoxy (higher magnification)

4. Conclusions

The incorporation of nanofillers, which have large specific surface area covered by different
chemical groups, into a thermosetting matrix can significantly affect its curing process directly
by reacting with the active groups in the resin and/or the hardener. In the amine/epoxy system
considered here, the silicon nitride nanofiller, with amine groups on its surface, can react with
a considerable fraction of the epoxy groups in the system and, consequently, affect the
resin/hardener stoichiometry and the resulting network structure. At 2 wt% of nanofiller, it was
estimated that the nanofiller contains amine groups equivalent to around 6.5 % of the epoxy
groups, whereas at 5 wt%, the filler reacted with ~18 % of the resin’s epoxy groups. However,
the resulting covalent bonding between the particles and the polymer matrix does not
appreciably influence the polymeric segmental dynamics of the investigated system, neither at

a cooperative nor a segmental scale, as revealed by DSC and dielectric spectroscopy analysis,
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respectively. On the other hand, strong interactions between the nanofiller and the resin lead to

systems in which the nanoparticles are well dispersed within the epoxy matrix.

Notes
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