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Abstract: Ball milling was used to prepare a mixture of Silion,
Graphite and Aluminum, in equal proportion. X-ray analysis
(XRD) confirmed that SiC was not produced in the pesent
milling conditions. Aluminum was identified as beirg partially
oxidized. The powder microstructure was found to berather
micrometric in size. Epoxy samples were casted ugrthe Si-C-Al
powder as an additive. Neat epoxy and a composit@rmaining
0.1 wt% of the filler were prepared. A series of dlectric tests
were performed in order to compare the behavior ofneat and
composite epoxy. Dielectric responses at 20°C wefimund to be
very similar, whether the excitation field was low or high.
However, erosion experiments have allowed to diseninate the
performance of the samples, with a definite worsermkresistance
to discharges from the composite sample.

|. INTRODUCTION

After a first generation of nanodielectrics emeggaver the
last decade, new innovative ways are being explayadilor
the dielectric properties of the polymer nanocontpgsor
hybrid composites. This work is concerned with arusual
additive with the aim of affecting the functionglipf the
epoxy.

Silicon (Si), Graphite (C) and Aluminum (Al) wereillad
together following three different recipes. X-ragmalysis
(XRD) was used to detect if Silicon Carbide (SiCasw
produced or not in the present conditions and &f & was
partially oxidized or not. Electronic microscopy svamployed
to image the powder microstructure. Thus, somertsfload to
be devoted to establish the nature and charadterisf our
additive.

Epoxy samples were casted using the Si-C-Al powdesn
additive. Epoxy was DER and a composite contaifidgwt%
of the filler was prepared. The use of an ultra-loantent
warranted a reasonable filler distribution and adition of no

sedimentation. The resulting sample was observadgus

optical microscopy and SEM. Thermal diffusivity aride
glass transition temperature were determined faat rand
composite epoxy, showing great similarities in ealu

After a post-heat treatment of the samples, a seoie
dielectric tests were performed in order to comp#re
behavior of neat and composite epoxy. For instadietectric
responses at 20°C were found to be, respectively, similar.
However, an erosion experiment has allowed discdtidbn
between the performance of the samples, with anidefi
worsened resistance to discharges from the conepsaihple.
Although preliminary in nature, this observationulbtend to

indicate that this adjunct brings about more defegtsituation
more dominant than the one associated with theessponding
low-degree of self-assembly of the composite. Thisralso
the role of free carbon to be concerned about.

IIl.  MATERIALS, SAMPLE PREPARATION AND
EXPERIMENTAL METHODS

High energy ball milling was used to prepare a omtof
Silicon (Si), Graphite (C) and Aluminum (Al). Each
component was added to a crucible in equal prapoitl:1:1
atomic ratio), totaling about 2 g. The high eneigypact
grinder using tempered steel balls was operatethgl8 h,
following three different recipes:

1. the mixture was ball-milled for 3 h at room tengdere;

2. the mixed powder was heat-treated at 500 °C duiihg
and then, the mixture was ball-milled for 3h in air
room temperature;

3. the mixed powder was heat-treated at 1000 °C d&ih
and then, the mixture was ball-milled for 3 h in ai
room temperature.

Given in Fig. 1, a micrograph obtained using SEMvsh
the microstructure of the mixture treated at 50@%@ ball-
milled for 3 h. The corresponding chemical composiof the
emphasized spot (labeled Spectrum 1), obtained riBrdy-
dispersive X-Ray spectroscopy (EDX), is also shawfig. 1.

Toprm Electron Image 1 ] 1 2 4
Figure 1. Scanning Electron Microscopy image ofgbe/der obtained using
recipe 2,as well as the corresponding chemical composdfdhe emphasize

spot (obtained by Energy-dispersive X-Ray spectiogr
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_JL ’/\ /\ ' Na Aa N Figure 3. Imaging of the epoxy/Si-C-Al composite
EY using optical microscopy

As shown in Figure 3, the powder had a general good
dispersion, although agglomerations of aboup#Owere also
From the SEM imagery, the powder grain size wasdow  found. Despite these agglomerations, the distaoutf the
be inferior to 1Qum. The EDX results confirmed the expectedparticles was considered satisfactory and the samyds
composition of the powder since Aluminum, Carbord an considered as quasi-homogenous. Consequently hérenal
Silicon were detected. Even more, the presencexgfen and dielectric investigation of the neat and coritpospoxy
suggests that part of the powder could have beddized  were performed.

during the ball-milling procedure and thus, secondaaction First, the thermal stability was investigated gsithermo-
components, such as aluminaA®J) were possibly obtained.  grayimetric Analysis (TGA) and Differential Scangin
To verify this hypothesis, X-Ray Diffraction (XRD) calorimetry (DSC). TGA was performed under nitrogen
measurements were performed in a Bragg-Brentanme®  going from 50 °C to 600 °C, with a 10 °C/min incseain
and the powders obtained from the three recipese weemperature. The DSC measurements were conductéer un
characterized. The diffraction andl@ was measured between nitrogen atmosphere, using the same heating rate, 50 °C
10 and 90° using an X-ray source with a copper enaith a 19 200 °C. The first heating procedure was followsd a
wavelengtii=1.5418 A. The obtained results are presented i'&ooling step, down to -50 °C, at the same speed, Bna
Figure 2. A tentative identification of the obtaihdiffraction  ggcond heating procedure up to 200 °C. The obtali@4
peaks was performed using data found in the liteeal1-3].  resuits were extremely similar, which suggestedt ttiee
As shown_, the obtained res_qlts confirm that SiC wa$  thermal properties of the epoxy were not affectsd the
produced in the present conditions and that thenkium was  presence of Si-C-Al additive. Thus, only the resubtained
partially oxidized, as suggested by the EDX resdltds is @  from the DSC investigation are given in the ressdstion.

consequence of the powder preparation in atmospheri Secondly, Thermal Diffusivity tests were performesing

ﬁ?nhdlgggf' Arﬁi?lisr?'bljnzzlfté%r:“tr%I{E?Z?%;Z'Shﬁb;;ggg the flash method. For all measurements, the widlthe light
9 oy g P 9 ulse was of 0.18 ms and it was applied on dispetia

[4]. Also, when a thermal treatment was used durin£amples of about 10 mm in diameter, at room tenpea

preparation (2 and ' recipe), silica (.S'@. was p_o_ss@ly Five consecutive tests were performed for eachsinyated
obtained as a consequence of the oxidation ofdBilid his . . )
sample and their mean was considered as the final

occurs at high temperature under oxidative atmasphe .
: d . . characteristic value.
The powder obtained from the€“2recipe was selected in . . .
To continue, both materials were exposed to partial

order to prepare an epoxy resin composite. For BiER332 . .
epoxy resin was mixed with Jeffamine D230 harddnea d|scharges_(PD). The applied voltage was 20 kV gegieak,
’ . . at 300 Hz, in air. The measurement was stopped 24tdours
1000:344 ratio. Both the resin and the hardeneewegassed . .
o . o . due to the breakdown of the composite sample. Bedpe
individually for 15 minutes at 40 °C. Before dedagsthe . . !
o ' ! breakdown, the erosion progression could still beliated
hardener, 0.1 wt% of filler was added and the hasdéller ; . .
using a Dektak mechanical profilometer and the eslof total

mixture was sonicated in an ultrasonic bath fon80utes, to eroded volume were obtained. The experimental he
separate the agglomerated powder and also to ohthitter . : perim satopt
evaluation procedure used were described in [5].

distribution of the filler within the epoxy matriXAfterwards, To conclude the study, the dielectric responsehef ieat

both the epoxy and the hardener-filler mixture werixed and composite epoxv was investigated at room &
with a magnetic stirrer, and degassed for furtfieminutes, at P poxy estig CanE,
under both low and high electric field. But, bef@erforming

40 °C. Finally, the mixture was poured into staislesteel .
. X . this step, a 24-h long post-thermal treatment veafopmed at
moulds with an 1 mm spacer (previously treated witklease o . .

N 100 °C. After performing this thermal treatment] #ie
agent) and cured at 100 °C, for 6 hours. The sammeedure : : . )
was aoplied in order to prepare a neat epoxy sample samples were considered to be in a stable but digdelctric

bp prep poxy P state [6]. Afterwards, the real and imaginary pasisthe

Given that the size of the powder grains were i th X . L ;
micrometric range, the dispersion of the filleroirthe epoxy complex (.jlelectrlc.permnuvny were obtained frorl HZ. to
’ 10*Hz. First, a sinusoidal voltage of .Y was applied,

matrix was investigated using an optical microscapd the .
obtained results are presented in Figure 3. followed by 100V, 500V and, finally, 1 kv. The &

Figure 2. X-Ray Diffraction results obtained fhetthree types of powders
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. RESULTS ANDDISCUSSION

TABLE |
GLASS TRANSITION, THERMAL DIFFUSIVITY AND PARTIAL DISCHARGERESULTS

Glass ) Total eroded
Sample wransition (°C) | 2 ™M) | yolume @md)
Neat Epoxy 79 0.11 +0.01 3.12°10
Epoxy/Si-C-Al .
composite 81 0.12 +0.01 2.52-1b

=
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Figure 4. 3D plot of the eroded volume obtainedtffierneat epoxy and the
2D surface roughness profile through the centéh@investigated surfac

urements were performed using a parallel plateigordtion
and the average value of 10 consecutive measuremeas
considered for each point.

Table | summarizes the values obtained after pmiifay
glass transition, thermal diffusivity and partiailscharge
measurements. On one hand, we can observe thaéthend
the composite materials exhibit very similar glasmsition
temperatures, close to those published for comgmsibtained
using the same resin-hardener mixture, yet withasibr boron
nitride nanofillers [7]. The thermal diffusivity ltees were also
close, which is not a surprising result given t Bmount of
powder that was used for the composite materidl (@%).
On the other hand, as mentioned previously, thesi@no
experiment has shown an interesting contrast bethee two
investigated materials. The composite material feand to
be less resistant to surface partial dischargeitasdffered a
breakdown after a 24-hour exposure. By comparirgttital
eroded volume, it can be seen that a significdifergince was
obtained between investigated materials. The coitgos
sample had a total eroded volume two decades htgharthe
neat epoxy, which corresponds to a partial dis@heggistance
two decades higher for the neat material thanherepoxy/Si-
C-Al composite. The 3D plot of the eroded surfatéhe neat
epoxy is given in Fig. 4, as well as the 2D surfemeghness

—e—neat epoxy
—s—epoxy/Si-C-Al composite
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Figure 5. The evolution of the real permittivity e neat epoxy
during the post heat treatment at 0.1 Hz
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Figure 6. Real permittivity under low and high éfecfield
(from 1 V/imm to 1 kV/mm), for both neat and comipesample
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Figure 7. Imaginary permittivity under low and higlectric field
(from 1 V/immto 1 kV/mm), for both neat and comip@sample

profile through the center of the sample. The preseof free
C was detected in the powder mix and although irallsm
quantity, could play a very active in initiatingckl discharge
in the epoxy composite and constitutes defectsingatb
breakdown.

Concerning the dielectric response; first, as showRigure
5, at a constant frequency of 0.1 Hz, both materiiowed
similar behavior during the 24-h post-heat treatna¢i00 °C.
By further analyzing the spectra in Figure 5, wae ohserve a
slope change in the real permittivity which suggettat a
regime change occurs in the physical propertiestref
material. In the first hours, crosslinking is coeteld and part
of the absorbed water is removed,; later in timghaglecrease
becomes linear with time, the material tends tehéts stable
dielectric state [8].

After the post-heat treatment, the dielectric resgs as
well as the AC conductivity were measured under kovd
high electric field, from 1 V/mm up to 1 kV/mm. Theal and
the imaginary permittivity are presented in FigBeand
Figure 7. The AC conductivities are plotted in Fig8.

Similar to the previous results, the real permittgiconfirms
that the two materials have similar properties,vhieies of the
¢ being close, both at low and high applied eledteiktls. The
measured permittivities were found to be around &l a
clear separation between the obtained values caeotade
since the difference between the highest and tivedbvalue
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Figure 8. AC conductivity under low and high elecfreld
(from 1 V/imm to 1 kV/mm), for both neat and comip@sample, at 20°C

is equal to the accepted uncertainty limit for tpesticular
type of measurement=(0.1). Dielectric losses exhibited
comparable results, with a slight difference fa tbw-voltage
values which exhibit slightly higher losses for bateat and
composite material. Since different low/high vobkagells
were used during the two measurements, we canpatlgl
differentiate the behaviour under low/high elecfiétd. Thus,
we can consider that the two materials presentemsty
similar properties and that the adjunct of a lowcpatage of
micrometric fillers did not change the dielectrgsponse.

The same conclusions apply to the results obtafoedhe
AC conductivity, which varies between 118" S/cm at low
frequencies up to-50'° S/cm at high frequencies for both
neat and composite material.

V. CONCLUSIONS

This work was concerned with an unusual inorganic

additive. Ball milling was used to prepare a migtof Silicon
(Si), Graphite (C) and Aluminum (Al) following a &€

treatment at 506C. Efforts were devoted to characterize the

resulting powder mixture. A micrometric-size migtucture
was established for the powder that showed a ntajofinon-
conductive constituents except for the presencdraed C.
Some remaining Aluminum should be also present.tkese

—e—neat epoxy
—#—epoxy/Si-C-Al composite

frequency (Hz)

Figure 9. AC conductivity under low electric figll V/mm),
for both neat and composite sample, at 60 °C

reasons, this preliminary study focused on a l@nycontent
Al-Si-C, viz. 0.1 wt%, in an epoxy compo-site.

A series of investigations were carried out to abtarize
the extrinsic performance of the composite as coetpto that
of the neat epoxy. In particular, an interestingiparison was
made between low and high fields dielectric respoinsthe
frequency domain. In the present assessment, fieretite
was observed between the neat and composite epa<y p
perties except during the erosion experiment. is tase, the
composite suffered from an early breakdown seemidgé to
the presence of semi-conductive particles. Thisentagion
indicates that a breakdown experiment could helpoimfirm-
ing the counter performance of the composite.
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