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HIGHLIGHTS:

e Rheological characterization has been used to detect filler/polymer interactions during

nanocomposite preparation.

e These interactions can be exploited to provide an innovative experimental approach to

nanocomposite fabrication.

e Such approach could be engineered to optimize filler/matrix interactions, enhance particle

dispersion and introduce required functional groups into the final system.

e The study highlights the critical impact of material processing on macroscopic properties of

resulting nanocomposites.

ABSTRACT:

The interactions that occur between an amorphous silicon nitride (Si3N4) nanofiller and an epoxy

matrix are examined, as revealed by rheological changes in a diglycidyl ether of bisphenol-A
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(DGEBA)-based epoxy resin prior to curing and thermal analysis, scanning electron microscopy and
dielectric spectroscopy of the resulting amine-cured systems. The results show that isothermally
heating the as-received Si3N4 in DGEBA at 100 °C leads to increases in the viscosity of the mixture.
Analysis of rheological data obtained from unfilled, as-received SizNas-filled and calcined Si3Ny-filled
epoxy systems leads us to interpret this increase in viscosity as arising from reactions between epoxide
groups of the DGEBA and nanoparticle surface groups, notably involving surface amines, which are
stimulated by the elevated temperature. The extent of this filler/resin reaction depends on the material
processing protocol used, particularly prior calcination of the SizN4 and the temperature and duration
of nanoparticle/DGEBA mixing. Glass transition temperature data show that cured samples prepared
using different methods have significantly different glass transition temperatures, which is a
consequence of the epoxide/amine stoichiometric imbalances that result from prior reactions between
the Si3N4 and the DGEBA. Consistent behavior was observed in the dielectric response. These results
demonstrate that ultimate macroscopic properties of SizNi/epoxy nanocomposites are critically
affected by details of the processing protocol. Furthermore, we infer that, by using controlled prior
calcination of the Si3Ny, it is may be possible to vary the initial surface chemistry of the nanoparticles
so as to adjust their reactivity with epoxy-containing moieties. Here, this is exemplified using only
two somewhat extreme thermal treatments and a bifunctional DGEBA-type compound but, we
suggest, that the concept may be extended to many other mono- and polyfunctional epoxy-containing
compounds in order to generate a wide range of different grafted nanoparticle systems. This strategy
may provide a versatile means of adjusting the surface chemistry of inorganic nitride nanoparticles,

in order to tailor their surface chemistry and thereby modify resulting nanocomposite properties.
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1. INTRODUCTION

Nanocomposites have captured a burgeoning research interest over recent decades as a means of
improving, as required, the electrical, mechanical and/or thermal properties of polymers. Nanofillers
have an extremely large surface area and the consequent interfacial interactions between the nanofiller
surface and the surrounding matrix are often considered to be a critical factor in determining the

ultimate properties of the final system [1-5]. However, the fabrication of nanocomposites can be a



challenge in that, due to their extremely large specific surface area and the resulting surface energy,
nanoparticles tend to agglomerate within many polymer matrices [2,6,7]. Such agglomerations are
considered to be a source of defects that can degrade the properties of the produced nanocomposite
[2,8,9] and, as such, a common strategy to improve particle dispersion involves chemically treating
the surface in order to add appropriate functionalities [10,11]. This approach is designed to improve
the interactions between the nanoparticles and the surrounding polymer and consequently improve the
nanoparticle dispersion [2,6]. Depending on the characteristics of the matrix and the nanofiller, these
interactions could be chemical [12,13], physical [14] or electrical [15,16] in nature and have often
been suggested to result in the formation of interphase regions with modified properties around

nanoparticles [5,17,18].

While the extent and nature of such interactions will be affected by the chemistry of the polymer
and the surface chemistry of the particles, they may also be affected by the imposed processing
protocol used during nanocomposite preparation: e.g. the mixing procedure, its duration and the
imposed temperature [19,20]. For example, different preparation methods may lead to different
particle dispersions and thus different specific particle/polymer interfacial areas [21,22]. Furthermore,
using a higher temperature during nanocomposite preparation could stimulate or accelerate potential
chemical reactions between particle surface functionalities and active chemical groups within the
polymer matrix. This may be more prevalent in thermosetting-based nanocomposite, where particles
are introduced into the host matrix before curing. As such, using only slightly different preparation
procedure may significantly affect the properties of the resulting nanocomposite, which might explain
the discrepancies between results reported in the literature, where different research groups report
inconsistent behavior for what, at first glance, appear equivalent polymer-filler-combinations [23,24].
Therefore, investigating the impact of the nanocomposite fabrication method would be beneficial for

analyzing the behavior of these systems.

Despite the perceived importance of filler/matrix interactions on the structure and consequent
properties of polymeric nanocomposites, the characterization of such local effects is far from trivial
[25]. Indeed, many studies have attempted to probe the impact of these interactions by investigating
the final nanocomposite system after completion of the preparation process, using techniques such as
differential scanning calorimetry, dielectric spectroscopy and electron microscopy [4,17,26,27].

Studying the influence of added nanoparticles on the rheological characteristics of a liquid polymer



matrix during processing might provide additional complementary information about the interactions
occurring between the nanofiller and the polymer. However, few studies have used rheology as a tool
for analyzing the dispersion of particles within a polymer [28-30] and, to our knowledge, rheology
has not thus far been explored to investigate the presence of nanofiller/matrix interactions and,

consequently, to engineer the preparation method of polymeric nanocomposites.

In this study, we set out to investigate interactions between silicon nitride (Si3N4) nanoparticles
and an epoxy resin matrix, prior to curing. The choice of system was based on the surface chemistry
of Si3N4 and the hypothesis that this could be stimulated to react with epoxide groups present within
the surrounding liquid epoxy resin and that this would manifest itself rheologically. Therefore, the
investigation started by observing the rheological properties of the filler/resin mixture as a tool to
study and detect any possible interactions. The impact of changing the mixing temperature or duration
was explored. Based on the rheological results, selected samples were then cured and prepared for
further testing in order to analyze the impact of any possible interfacial interactions on the
macroscopic properties of the produced nanocomposite samples. The post-curing characterization
considered the dispersion of the nanoparticles within the matrix, changes in the glass transition

temperature and variations in the dielectric spectra.
2. MATERIALS AND METHODS

2.1. Materials

A model epoxy resin closely based on diglycidyl ether of bisphenol-A (DGEBA) was chosen for
the polymeric matrix. Specifically, DER 332 from Sigma Aldrich was used (epoxide equivalent molar
mass of 174 g/mol) and was cured using the polyetheramine hardener, Jeffamine D230 from
Huntsman. Based on the epoxide and amine equivalent molar masses, the ideal stoichiometric resin :
hardener ratio is 100 : 34.4 parts by weight and this ratio was, therefore, used throughout this study.
Amorphous silicon nitride (SisN4) nanopowder was used as the nanofiller. According to the supplier
(Sigma Aldrich), the particle size of this nanofiller is < 50 nm and particles are close to spherical in
shape. The surface chemistry of these nanoparticles is characterized, primarily, by amine and hydroxyl
groups [31-33]. In addition to using the nanofiller, as-supplied, an additional nanoparticle system was

prepared by calcination of the as-received SisNs nanopowder at 1050 °C for 10 h. Such a heat



treatment has been demonstrated to remove surface amine and hydroxyl groups to leave a thin layer

of silica that is terminated with siloxane bridges [32-34].

The samples investigated in this study can be grouped into three sets: unfilled epoxy; epoxy
containing 5 wt% of as-received silicon nitride; epoxy containing 5 wt% of calcined silicon nitride.
To prepare a nanocomposite sample, the required nanofiller was first manually mixed with the
DGEBA, then exposed to a probe sonicator for 45 min to disperse the particles further. Next, the
particle/DGEBA mixture was isothermally heated at a chosen temperature (100 °C here) for a specific
period of time, with the aim of stimulating/accelerating chemical reactions between the DGEBA and
relevant chemical groups on the surface of the particles (i.e. amine and, to a lesser extent, hydroxyl
groups). By varying the duration of the isothermal heating step, different samples were produced
within each sample set. Following the heating step, the rheological characteristics of the resulting
system were determined. Finally, the hardener was added and mixed with the resin for 15 min at room
temperature, using a magnetic stirrer. Subsequently, the mixture was degassed at 35 °C for 20 min,
before being cast into a steel mold for curing. Curing was performed in a fan oven for 2 h at 80 °C
followed by 3 h of post-curing at 125 °C, based on the manufacturer’s instructions. The same
processing procedure was followed for the unfilled epoxy samples, but with the nanoparticle addition
and dispersion steps omitted. All the resulting cured samples were stored under vacuum at room
temperature until required (minimum two weeks), to eliminate the possible impact of any absorbed
water [35].

For convenience each sample will subsequently be represented using the following designation
LP/T/t. In this, L represents the nanofiller loading level (0 or 5 wt%), P represents the chosen nanofiller
processing treatment (U = untreated; C = calcined at 1050 °C), T represents the isothermal heating
temperature (i.e. 100 °C) and t represents the total integrated heating time, in hours. Thus, for example,
5U/100/2 refers to a sample filled with 5 wt% of as-received SizsN4 and where the filler/resin mixture

had been heated at 100 °C for 2 h before rheological characterization.

2.2. Rheological Characterization

Rheological characterization was conducted using a Paar Physica Rheolab MC1 concentric

cylinder rheometer, which was located within a temperature-controlled water bath. For each specimen,



the shear stress was linearly increased from 1 to 60 Pa and, at each point, the shear rate was measured.

The Physica Rheologic RS 100 software package was used for instrument control and data collection.

2.3. Characterization of Cured Systems

The effect of material processing on the properties of the cured samples was investigated by

examining the glass transition temperature, the dielectric spectra and the particle dispersion.

The glass transition temperature (Tq) of the cured samples was measured using a Perkin Elmer
DSCY7 differential scanning calorimeter (DSC). This was routinely calibrated using high purity indium
and, then, the specimen of interest (~10 mg in mass) was subject to two consecutive DSC scans from
50 °C to 150 °C at a heating rate of 10 °C/min. The first scan was used to erase the thermal history of
the specimen and Tg¢ was evaluated from the second scan. Tg was considered to correspond to the
temperature corresponding to the maximum gradient in the heat capacity curve. For each system, these
measurements were repeated three times using different specimens, to evaluate the uncertainty in the

obtained data.

Dielectric spectra of the cured samples were acquired using a Solartron 1296 dielectric interface
along with a Schlumberger SI 1260 impedance/phase gain analyzer and a measurement cell with two
circular parallel plates 30 mm diameter. Specimens, 200 + 10 um in thickness, were sputtered-coated
on both side with gold to improve the contact between the sample and the cell’s electrodes. All

measurements were conducted at room temperature.

Nanoparticle dispersion within the epoxy matrix was examined using a JEOL JSM-6500F
scanning electron microscope (SEM) operating at an accelerating voltage of 15 kV. 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 prior to examination.
3. RESULTS AND DISCUSSION

3.1. Rheological Behavior

Fig. 1 presents plots of shear stress against shear rate for the three sample sets at a measurement
temperature of 30 °C. In all cases, the shear stress increases linearly with increasing shear rate,

indicating that the systems behave in a Newtonian manner. These data also demonstrate that simple



addition of the as-received or calcined Si3N4 increases the viscosity of the epoxy resin by ~60 % in

the absence of any thermal treatment of the mixture (c.f. 5U/100/0 and 5C/100/0 with 0U/100/0).

Comparable nanoparticle effects on rheology have been reported elsewhere [36-38].

Iteratively heating the unfilled DGEBA at 100 °C and remeasuring its rheological behavior shows

that this has no significant effect on the rheological properties of the system (see Fig. 1a); the data

obtained from all specimens within the 0U/100/z sample set are equivalent. The same behavior can be

seen for the samples filled with calcined Si3N4 (see Fig. 1c). Conversely, Fig. 1b shows that cyclically

heating the DGEBA containing the as-received SizN4 for 1 h periods results in a progressive increase

in the viscosity of the mixture. This continues up to three cycles (total 3 h at 100 °C), after which, no

appreciable further increases in viscosity occur. From these observations, we deduce the following:

(i)

(i)

The lack of any increase in viscosity with increasing ¢ within the 0U/100/¢ sample set indicates
that neither repeated shearing nor heating at 100 °C results in sufficient chemical modification
to the molecular structures present within the system — such as through homopolymerization —
to affect the rheology of the unfilled DGEBA. Indeed, this aligns with previous studies [39-42]
of similar epoxy resins, which have shown that homopolymerization is negligible at

temperatures around 100 °C.

The lack of any variation in viscosity with increasing ¢ within the SC/100/¢ samples leads to three
inferences. First, the imposed heating/shearing cycle does not cause detectable changes in the
resin phase, which is expected based on the behavior of the unfilled samples (0U/100/¢). Second,
any changes in the state of dispersion of the nanoparticles as a result of the system being
repeatedly sheared is not sufficient to modify its rheological characteristics [28]. Finally, the
filler/resin mixture heating at 100 °C does not induce/accelerate any significant reactions
between the epoxide groups of the DGEBA and any functional groups retained on the surface of
the calcined SizNs, which would modify the effective size of the nanoparticles and the nature of
their interaction with the liquid matrix. Indeed, the imposed calcination process was chosen in
order to favor the removal of hydroxyl and amine groups from the nanoparticle surfaces,
effectively, to give a silica shell terminated with siloxane bridges around a Si3N4 core [32-34].
While it is conceivable this would not occur ideally, such that some hydroxyl groups might be
retained, etherification reactions between epoxide and hydroxyl groups would not be favored at

100 °C [41,43]. In summary, the rheological invariance with ¢ that is evident in Figures 1a and



(iii)

lc is both internally consistent and consistent with expectations based upon complementary

published work.

In addressing the origin of the progressive increase in viscosity with ¢ within the uncalcined
5U/100/t sample set, we will consider the same three factors discussed above for the calcined
5C/100/¢ systems. First, an increase in viscosity may arise from changes in the chemistry of the
fluid medium, but in view of the invariance in the viscosity of both the 0U/100/¢ and 5C/100/¢
systems, this seems unlikely. Second, an increase in viscosity may arise as a result of gross
changes in the particle distribution state as a consequence of repeated shearing of the mixture.
While this does not seem likely in view of the data obtained from 5C/100/z systems, a sample of
5U/100/1 was nevertheless rheologically characterized at 30 °C and then, without an
intermediate heating step, directly subjected to repeat rheological characterization (Fig. 2). From
Fig. 2, it is evident that the data obtained from the first and the second measurements are
equivalent. In contrast, from Fig. 1b, it is evident that the data corresponding to 5U/100/1 and
5U/100/2 are different, whereby we conclude that the increase in viscosity exhibited by SU/100/2
is not a consequence of the additional shearing experience by this system compared with
5U/100/1. Finally, chemical reactions may occur between the epoxy resin and functional groups
on the surface of the uncalcined SizNs. The surface chemistry of the as-received SizNj is
characterized by the presence of both hydroxyl and amine groups [31-33], both of which may
react with the terminal epoxide groups on the DER 332, resulting in a change in the surface
structure and chemistry of the nanoparticles and an increase in their effective hydrodynamic
radius, albeit that epoxide/hydroxyl groups reactions are not per se favored at 100 °C [41,43], as
described above. Such a process would continue until all the accessible reactive functional
groups are consumed or until further reactions are prevented by steric hindrance. From Fig. 1b,
this occurs after ~3 h at 100 °C, such that heating for longer periods causes no further measurable
viscosity increase. In contrast, the silica surface of calcined Si3N4 does not include the requisite
amine functionality which is translated into an invariance of the viscosity of the 5C/100/¢ sample
set on repeated heating at 100 °C, suggesting that the amine groups play a critical role in generating

the observed response of the 5U/100/¢ systems.

To examine further the effect of repeatedly heating and shearing, additional rheological data were

obtained at different measurement temperatures up to 50 °C. Fig. 3 contrasts data from the 5U/100/¢



and 0U/100/¢ systems. The increase in viscosity with 7 is clear in all the data obtained from the former
material system; in contrast the latter systems show no equivalent variation, which consolidates our
previous conclusion. Also, it is evident that varying the rheological measurement temperature within
the range shown does not affect the form of the observed behavior or the conclusions drawn. Assuming
that reactions involving the particle surface amine groups and the epoxy groups are comparable to the
reactively between the hardener’s amine groups and the epoxy, then neither would occur to a great
extent at temperatures well below the curing temperature, i.e. <80 °C. As such, this invariance with

measurement temperature is as expected.
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Fig. 1. Rheological data acquired at 30 °C from samples of: (a) 0U/100/t; (b) 5U/100/t; (c) 5C/100/t.
The values of heating time, t, at 100 °C ranged from 0 to 3 h.
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3.2. Particle Dispersion

To examine the impact of t on the resultant nanoparticle dispersion level within the 5U/100/t
sample set, SEM images were obtained from a number of specimens; Fig. 4 shows representative
images, obtained from 5U/100/0 and 5U/100/4. In neither system is there clear evidence of extensive
(~10 pm) aggregates, a conclusion that aligns with previous studies of a range of different
nanocomposites produced using the same grade of SisNs as used here [44]. While a precise
interpretation of the detailed topography of these fracture surfaces is not easy, comparison of Fig. 4a
and Fig. 4c shows that the latter exhibits a more uniform surface than the former, with the implication
that the structure of 5U/100/0 is less homogeneous than 5U/100/4. Indeed, while the surface texture
shown in Fig. 4b may be indicative of the presence of some loose agglomerations of primary particles
in 5U/100/0, the equivalent image of sample 5U/100/4 suggests improved dispersion and smaller
agglomerations. Thus, these images suggest that the sample with 4 h of isothermal heating has a better
particle dispersion than the sample prepared without heating. Many studies [2,6,11,17] have showed
that the dispersion of nanoparticles within a polymeric matrix depends on the interactions between the
two components, with favorable interactions equating to a reduction in the Gibbs free energy of the
system and, consequently, a better dispersion. Therefore, the better dispersion in the 5U/100/4
suggests stronger filler/matrix interactions that are brought with the heating step. In light of the above

discussion, the improved particle dispersion of sample 5U/100/4 can be related to the longer



opportunity for the particles to react with the resin epoxide groups. Whereas many researchers have
sought to improve nanoparticle dispersion by focusing on the surface chemistry of the particles and
treating them with matrix-combatable functionalities, fewer studies have investigated the impact of
the nanocomposite preparation method on the dispersion. The data presented above suggest that, even
for a nanofiller that is inherently compatible with the chosen polymer matrix, the processing method
may have a significant impact on the particle dispersion. Therefore, appropriately tailoring the
fabrication method of nanocomposites is essential to achieve good nanoparticle dispersion in these

systems.

(@) (b)

(c) (d)

Fig. 4. Representative SEM images of fracture surfaces through: (a) and (b) 5U/100/0; (c)and (d)
5U/100/4.



3.3. Glass Transition Temperature

Fig. 5 shows the impact of heating time at 100 °C on the glass transition temperature of cured
specimens from the three sample sets. For the unfilled and the calcined Si3Ny filled samples, T
remains within measurement uncertainties, which indicates that the heating step does not affect 7 in
these systems. This is consistent with the rheological behavior of these samples where the heating

step, similarly, was shown not to lead to any measurable changes.

Conversely, in the 5U/100/¢ samples, 7 decreases markedly with increasing time of heating at
100 °C. Many studies of epoxy systems comparable to that considered here have concluded that 7 is
strongly related to the crosslink density present in the network [40,45,46]. Consequently, we suggest
that the reduction in 7, that is evident in the data acquired from the SU/100/¢ systems in Fig. 5 is a
result of a progressive reduction in crosslink density with increasing ¢, which may be explained as
follows. Heating at 100 °C results in reactions between surface groups on the uncalcined SizN4
nanoparticles and the terminal epoxide groups on the DER 332 resin. Such a process would result in
a fraction of the epoxide groups from the DER 332 being consumed prior to instigation of matrix
curing. Since the mass of hardener used throughout corresponds to the theoretically ideal
stoichiometric ratio of DER 332 to Jeffamine D230, the proposed epoxy/SizN4 reaction displaces the
consequent matrix curing to a situation that equates to an effective excess of hardener; the number of
amine groups present will then exceed the remnant number of epoxy groups, which leads to an amine
(hardener)-rich network upon curing. Such excess in the amine groups will result in a reduction in the
crosslinking density, since a fraction of the hardener molecules will remain unreacted [45]. Longer
heating periods at 100 °C facilitate more reactions between the nanoparticles and the epoxy groups,
which progressively reduces the number of remnant epoxy groups available to crosslink with the
hardener amine groups and manifests itself as the observed reduction in 7. This continues up to a
heating duration of ~3 h, beyond which, further heating does not result in a significant reduction in
T, with the implication that 3 h of heating at 100 °C leads to all the accessible reactive groups on the
surface of the uncalcined Si3N4 being consumed. Such an interpretation is, again, entirely consistent

with the rheological results described above.

The mechanism described above occurs as a result of thermal processing of the uncalcined

Si3Nas/epoxy mixture at 100 °C in the absence of any conventional hardener. Comparable reactions



between the uncalcined Si3N4 surface groups and the epoxy groups could also occur during the curing
process (i.e. at 85 °C). This effect may be particularly important for the samples where the filler/resin
mixture was not heated for a long duration before curing and thus most of the reactive nanoparticle
surface groups will be potentially available to react with epoxy groups during the curing process.
However, in this case, there will be a competition between such particle/resin reactions and the
progressing crosslinking between the resin and the hardener. As curing progresses, the mobility of the
resin molecules will reduce and, consequently, their reaction with the particle surface groups is
expected to slow down and eventually stop. This mechanism can explain the relatively small reduction
observed in the 7§ of the sample without filler/resin heating before the curing process (Fig. 5). In this
sample, a fraction of the reactive nanoparticle surface groups is expected to react with resin epoxide
groups during the curing process, which yields a slightly amine-rich matrix that is characterized by a

correspondingly reduced 7 .

To sum up, the reactions between nanoparticle surface groups and the epoxy groups changes the
effective resin : hardener ratio of the matrix and the extent of this reaction and, consequently, the
particle stoichiometric effect, critically depends on the material processing, in particular the

temperature, of the filler/resin mixture before and during the curing process.

—0—0U/100/t sample set
- & - 5U/100/t sample set
-k 5C/100/t sample set

60

0 1 2 3 4
t, time of isothermal heating (h)

Fig. 5. The glass transition temperature of cured samples as a function of the duration of the heating
step.



3.4. Dielectric Spectra

Dielectric data obtained from the 5U/100/¢ systems are contrasted with the unfilled, reference
0U/100/0 sample in Fig. 6: Figures 6a and 6b respectively shown the real (&) and imaginary (&)
parts of the relative permittivity. In Fig. 6b, a broad B relaxation process is evident in all four data
sets, which peaks at 10* - 10° Hz. From these data, it is evident that the strength of this relaxation, A,
Is greatest in the unfilled sample, 0U/100/0, and that this parameter progressively decreases within the
5U/100/t systems as t increases. In amine-cured epoxy systems, the B relaxation is generally attributed
to motion of the hydroxyl ether groups that are produced during the crosslinking reaction between the
epoxy and amine groups [47,48] and, therefore, the strength of this dielectric process should be related
to the crosslinking density present in the system. As such, the progressive reduction in Ag with
increasing t seen in Fig. 6b qualitatively mirrors the progressive reduction in Tg with increasing t
evinced by Fig. 5; both factors stem from a reduction in crosslink density as a result of a progressive
displacement of the effective matrix stoichiometry towards excess amines [45]. Another feature
evident in the data presented in Fig. 6 is the gradual upturn in &~ at low frequencies, which becomes
more marked in the case of samples that had been subjected to heating at 100 °C. Previously, the DC
conductivity of unfilled epoxy samples was reported to increase when residual amine groups were
retained within the network[45], which in the dielectric spectrum would result in an increase in &”
with decreasing frequency, particularly at low frequencies. As such, both the reduction in the strength
of the B relaxation described above and the variation in & at low frequencies are consistent with a
progressive displacement of the curing reaction stoichiometry to an excess of amine groups as the
total duration of filler/DGEBA heating is increased.
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(0U/100/0).

While the dielectric data align well with the rheology and DSC data, all pointing towards reactions
between the DER332 and functional groups on the surface of the uncalcined SisN4, to test this
assertion further, equivalent dielectric data to those presented in Fig. 6 were acquired from
nanocomposites prepared using calcined SisNs which, from above, exhibit no increase in viscosity
with increasing t (see Fig. 1c) and an invariant Tq (see Fig. 3). Fig. 7 shows the dielectric response of
5C/100/t samples, from which it is evident that these spectra do not appreciably vary as t increases.
The slight variations in the spectra of 5C/100/0 and 5C/100/3 are within experimental uncertainties
and all these spectra are comparable to the spectrum obtained from the unfilled, reference sample.
Specifically, the invariance in the strength of the  relaxation indicates equivalent crosslinking across
the 5C/100/t sample set; the absence of an increase in & ~ with decreasing frequency at low frequencies
in any of the spectra indicates no appreciable variation in charge transport behavior and, therefore, no

variation in the concentration of retained, unreacted amine groups [45]. In conclusion, the invariance



in the data presented in Fig. 7 supports the assertion derived from the rheological and glass transition
temperature data that the calcination process removed most of the functional groups on the surface of
Si3Nas, such that the presence of calcined SizN4 does not significantly influence matrix curing. The
corollary of this being that the progressive variations seen in Fig. 6 support the notion that the presence

of uncalcined SizN4 does significantly influence matrix curing.
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We have previously reported on the influence of changes in stoichiometry on the molecular dynamics
of the same epoxy/amine system reported here, as evinced by both the dielectric  relaxation and the
glass transition [27]. These published data, together with those presented above, therefore, provide a
means of determining the stoichiometric offset caused by the inclusion of 5 wt% of uncalcined SizNa,
from which, the associated number of additional reactive groups introduced into the system can be
estimated. From Fig. 5, Ty of the 5U/100/4 system is characterized by a reduction in Ty of 17 °C;



assuming that this arises entirely as a result of an excess of primary amine groups within the system,
this equates to an excess of hardener of 22% [27] or 3.5 x 10 mol of NH2 per gram of material or 3.5
x10"* mol of NH distributed over the surface of 50 mg of the SisN4 nanopowder. From the relevant
literature, it is evident that SisN4 powders may be prepared in a number of ways. Cadete Santos Aires
and Bertolini [49] indicated that grinding of bulk ceramics is commonly used commercially and that
this generates crystalline powders of low specific surface area (<10 m?/g). Kaskel and Schlichte [50]
described a synthesis procedure that generated high surface area powders with specific surface areas
ranging from 700 m?/g to 1000 m?/g depending on the imposed annealing temperature which, in their
study, ranged from 600 °C to 1000 °C. Since the primary aim of the work of Kaskel and Schlichte
concerned the catalytic activity of the final systems, no structural studies of the above systems were
undertaken. Conversely, Kong et al. [51] described the production of silicon nitride-based aerogels
based upon aggregated nanoparticles which, from the micrographs provided, appear to be ~100 nm in
size and only began to show crystalline X-ray diffraction features when heated to at least 1500 °C.
The amorphous SisNs produced at lower annealing temperatures were characterized by specific

surface area values that ranged from 303 m?/g to 638 m?/g [51].

From the above account, it is evident that SisNs powders can be prepared in a number of ways and
these result in products that differ greatly in terms of their internal structure and specific surface area.
The system used in our study is described by the supplier as being amorphous and composed of
particles less than 50 nm in size and, therefore, appears related to systems of the type described by
Kong et al. [51]. Combining the above figure of 3.5 x 10 mol of NH distributed over the surface of
50 mg required to generate the stoichiometric offset seen in Fig. 5 with a specific area value of
500 m?/g (midrange, from the work of Kong et al. [51]; below the range reported by Kaskel and
Schlichte [50]) leads to a surface density of amine groups of ~8 nm=2. While we are unaware of any
literature values for this quantity for amorphous SisN4, the surface chemistry of silica has been well
studied and, in that system, hydroxyl surface density values ranging from 2 nm to 8 nm have been
reported [52-54]. Elsewhere, silica modified with low viscous poly(methylhydrosiloxane) and diethyl
carbonate have been examined by nuclear magnetic resonance spectroscopy and shown to
characterized by graft densities in the range 5 — 7 nm [55]. While a value for amine surface density
of ~8 nm is not therefore incredible, the above estimation (a) assumes the presence of primary surface
amines and (b) neglects the oxynitride nature of the SisNa. In short, while the underlying mechanism

is qualitatively credible and the inferred grafting density is consistent with that reported by Protsak et



al. [55], the precise local chemical interactions between amine, hydroxyl and epoxide groups that lead
to the inferred degree of covalent grafting and/or non-covalent association require further

investigation.

4. CONCLUSIONS

Filler/matrix interactions are widely cited as exerting an important impact on the properties of
polymeric nanocomposites. However, the characterization of such local effects remains a challenge.
In the work reported here, we have shown that filler/polymer interactions can affect the rheological
characteristics of a nano-Si3N4 filled DGEBA-based epoxy resin system and, as such, that rheology
may be used as an effective tool to detect such effects during nanocomposite preparation. Here, we
associate the observed rheological changes with chemical reactions between amine groups on the
surface of SizN4 nanoparticles and epoxy groups within the DGEBA. These reactions increase the
measured viscosity of the system, such that changing the temperature or duration of filler/resin mixing
results in changes in the extent of filler/epoxy reactions. This proposition is supported by
measurements of the glass transition temperature and dielectric spectra of such systems, which evince
changes commensurate with an effective displacement of the curing reaction away from the ideal
stoichiometry. That is, reactions between the nanofiller and the DGEBA during mixing at elevated
temperature results in consumption of epoxide groups from the DGEBA, such that subsequent curing
occurs under amine-rich conditions. This results in a reduction in the crosslinking density of the
polymer matrix and, consequently, suppressed Ty values and a diminution of the strength of the
dielectric B relaxation. Nominally small variations in the chosen material processing protocol (e.g. an
increase in mixing temperature to reduce matrix viscosity with a view to improving nanoparticle
dispersion) can inadvertently translate — for a system of fixed composition — to marked changes in
ultimate macroscopic properties. We suggest that the significance of these results is twofold. First, the
observation that different properties can be exhibited by the same material system when subjected to
apparently equivalent processing may go some way to explaining the inconsistency in dielectric results
reported in the literature for nominally equivalent nanofiller/polymer combinations. Second, our
interpretation of the results reported here centers on the reaction of epoxide groups from the liquid
medium with amine groups on the surface of the nanoparticles. This, we suggest, is limited by the
number of available amine groups on the surface of the SizNs which, itself, may be controllable

through thermal treatment — the calcined SizN4 showed no increase in viscosity, suppression of Ty or



diminution in the strength of the dielectric B relaxation. Here, these reactions occurred in the liquid
medium DGEBA, but many alternative epoxy-containing compounds may be used, with the
implication that many different surface functionalities may be introduced in this way. The use of
controlled calcination (to adjust the residual nanoparticle amine surface content) in concert with liquid
phase processing (temperature, duration and choice of epoxide-containing liquid medium) may
therefore provide a versatile means of adjusting the surface chemistry of inorganic nitride
nanoparticles, in order to tailor their surface chemistry and thereby modify resulting nanocomposite
properties. Furthermore, the chemical reactions involved appear rather more controllable than those
involved when compounds such as trimethoxy silanes are used to tailor nanoparticle surfaces. Finally,
in the case of systems such as those considered here, rheology provides a direct means of following

the process without reliance on post hoc measurements.
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