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Abstract: In this work, we study the effect of strong electric fields on a polymer/graphene composite
and the resulting morphology upon its dielectric breakdown. Our model system was produced by
compounding up to 0.25 wt% graphene nanoplatelets (GNP) into poly(ethylene-co-vinyl acetate)
(EVA), which is a soft polymer with low melt viscosity. A strong electric field of up to 400 Vyys/mm
was applied to the EVA/GNP composite in the melt. The sample’s resistance over the electric field
application was simultaneously measured. Despite the low GNP loading, which was below the
theoretical percolation threshold, the electric conductivity of the composite during electric field
application dramatically increased to >107° S/cm over 5 min of electric field application before
reaching the current limit of the experimental apparatus. Conductivity growth follows the same
scaling relationship of the theoretical model that predicts the rotation and translation time of GNPs
in a polymer melt as a function of electric field strength. Since no significant GNP alignment in the
composite was observed under transmission electron microscopy (TEM), we hypothesized that the
increase in electrical conductivity was due to local electrical treeing of the polymer matrix, which
eventually leads to dielectric breakdown of the composite. Electrical treeing is likely initiated by
local GNP agglomerates and propagated through conductive channels formed during progressive
dielectric breakdown.

Keywords: graphene; electric field; polymer composite; degradation

1. Introduction

Most polymers are good electrical insulators. Since macromolecular chains are held
together by covalent bonds, electron transport through most polymers is poor. Adding
hard filler particles to a host polymer matrix can further improve their material properties
such as increased toughness and hardness, and resistance to heat and chemicals. As such,
polymer composites containing inorganic insulating fillers such as glass, silica, and alumina
are widely used in industry for electrical insulation applications, from low-voltage home
appliances to high-voltage power grids [1,2]. In order to design polymer composites
that are safe and provide adequate dielectric strength for high-voltage applications, the
phenomenon of electric field-induced breakdown of particle-reinforced polymers is well-
studied [3,4]. Conductive polymer composites, on the other hand, are a different class
of materials, produced by loading electrically conductive particles into a host polymer.
Conductive polymer composites are applied in electrostatic discharge protection and
electromagnetic interference shielding. In their application, these composites may be
temporarily exposed to high instantaneous electric fields created by static electricity or
the surrounding environment [5]. The resultant electrical current may lead to potential
electrical breakdown and material failure, thereby posing significant safety risks. However,
the effect of electric field on the possible breakdown of conductive polymer composites
containing electrically conductive fillers is not well understood. Therefore, studying the
effect of the electric field on conductive polymer composites could offer insights into the
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electrical breakdown mechanism for this class of materials, thereby better informing their
design and application in high-voltage environments.

Applying an electric field is also a powerful method to modify the microstructure of
soft materials and control material properties for practical applications. In a number of
previous studies related to the construction of conductive polymer composites, alternating
electric fields were utilized to align conductive fillers such as carbon black [6], graphite
flakes [7-9], carbon nanotubes [10], and graphene nanoplatelets (GNPs) [11] in liquids such
as uncured polyester resin or epoxy. Under the electrical field, filler particles can undergo
alignment with the electric field to create composites with anisotropic material properties
including higher tensile modulus, electrical conductivity, thermal conductivity, and fracture
toughness in the field direction. Electric fields of low to medium strength (10'-10? V/mm)
were used to control the dispersion and orientation of conductive fillers in low viscosity
media (~1 Pa-s at room temperature) [6,11-13]. There was no attempt to use strong electric
fields to directly modify the morphology of molten polymer composites with much higher
viscosities (e.g., ~102~10* Pa-s at 150-250 °C).

In this work, we study the effects of a strong electric field (up to 400 Vipys/mm)
when applied to a conductive polymer/GNP composite in the melt state. We measure
the time-resolved electrical conductivity of the composite by systematically varying the
applied field strength and GNP concentration. We performed complementary transmission
electron microscopy and dielectric rheology experiments before and after electric field
application. These methods allow us to characterize the morphology and filler orientation
of the composites, and determine whether electrical breakdown occurs. In addition, we
quantitatively compare our experimental results to a model describing individual GNP
rotation and translation under an alternating electric field. Our results suggest that GNP
alignment may occur in local GNP agglomerates where local electrical conductivity is high
and dielectric strength is low. These regions could promote electrical treeing formation
in the surrounding polymer dielectric. Electrical treeing causes polymers to degrade
and leads to channel formation, ultimately resulting in the dielectric breakdown of the
bulk composite.

2. Experimental Section
2.1. Polymer Blend Preparation

Poly(ethylene-co-vinyl acetate) (EVA, Elvax 40 W, 40 wt% vinyl acetate, density = 0.965 g/cm?)
was obtained from the Dow Chemical Company. EVA was dried in a vacuum oven at
40 °C for at least 12 h prior to use. Graphene nanoplatelets (GNPs, N002-PDR) were
obtained from Angstron Materials (Dayton, OH, USA), and their material characteristics
are reported in our previous publication [14-17]. Probe sonication was used to disperse
and exfoliate GNPs in tetrahydrofuran (THF, reagent grade, Sigma-Aldrich, St. Louis,
MO, USA). In a centrifuge tube, the desired amount of GNP was added into ~40 mL of
THEF. Then, the resulting suspension was continuously probe-sonicated (Branson Digital
Sonifier SFX 250, Danbury, CT, USA) using a § inch probe at 75 W for 1 h under an ice
water bath. In a separate container, 4 g of EVA was dissolved in 40 mL of THE. Then, the
sonicated GNP suspension was added into the EVA /THF solution and stirred at room
temperature for 5 min, followed by coprecipitation into ~500 mL of methanol (reagent
grade, Sigma-Aldrich). The resulting composite was filtered and dried in vacuo for at least
24 h to remove THF. This was pressed into 1 mm thick sheets by compression molding
using a hot press (Wabash Carver Press, Wabash, IN, USA) at 180 °C and ~9 MPa pressure.
Lastly, sample swatches were cut using a 3 mm diameter circular die punch.

2.2. Electric Field Application with Heating Stage

The electric field was applied to the polymer melt using a PC-controlled high-voltage
sequencer (LabSmith, HVS448-1500, Livermore, CA, USA) in conjunction with a heating
stage (Figure 1a). LabSmith Sequence PC software was used to generate a sinusoidal
voltage while simultaneously recording voltage and current. The rate of data sampling
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and recording was 16 Hz. The composite sample was inserted into a circular hole of
3 mm diameter at the center of a 1 mm insulating silicone rubber spacer, which was then
sandwiched between two copper electrodes. An image of the sample is given in Figure 1b.
Copper wires were soldered onto the electrodes, which were in turn connected to the
sequencer. The entire sandwich was placed on top of a homemade stainless-steel heating
stage, constructed using a flexible heating element (40 W, 10 W/in?, Omega Engineering,
Norwalk, CT, USA) and a PID temperature controller (Omega Engineering). An electric
field was applied after the composite sample had been heated to 160 °C to reduce the
viscosity of the polymer matrix. The electric field was applied until the maximal allowable
current (~3-10 mA) had been reached, when part of the sample was burnt through. Smoke
emitted from the sample, and the remaining sample always contained a hole (Figure 1c).

Cu electrodes
Sample
Rubber spacer

Heating stage
(homemade)

e ‘s LabSmith HVS448 1500 V
High Voltage Sequencer

PC interface
in-situ signal recording of
voltage and current

3 mm

Figure 1. (a) Experimental setup for electric field application to polymer melt. (b) Test specimen of
EVA/GNP_0.25 wt% mounted on a Cu electrode prior to electric field application. Sample dimension
and electric field direction (z) denoted. (c) Test specimen after electric field application. Polymer
degradation occurred in part of the sample (lower right portion of the image showing a hole).
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2.3. Characterization with Transmission Electron Microscopy

After electric field application, the sample was rapidly quenched to below the glass
transition temperature using dry ice. Then, the sample was carefully removed from the
sandwich and embedded in epoxy resin, which was cured at room temperature. Ultrathin
(~90 mm) sections were obtained by cryomicrotomy (Leica UC6, Wetzlar, Germany) at
—140 °C using a diamond knife. Sample sections were prepared in the plane parallel to
the direction of electric field application. Bright-field transmission electron microscopy
(TEM) images were obtained using a FEI Tecnai G2 Spirit BioTWIN microscope (Hillsboro,
OR, USA) with an accelerating voltage of 120 kV. In the TEM images, the horizontal stripe
features represent knife marks (artifacts from cryomicrotomy) and are parallel with the
direction of the applied electric field.

3. Results
3.1. Direct Electrical Conductivity Measurement during Electric Field Application

The electrical conductivity of the EVA /GNP composite was measured continuously
during electric field application. Figure 2a shows the time-resolved raw voltage and current
signals as measured by the high-voltage sequencer across three EVA/GNP_0.25 wt% sam-
ples in the field direction. Electric field strength was Eg = 400 Vims/mm and wac =1 s~ 1.
Since the voltage and current signals were in phase with each other, the composite effec-
tively acted as a resistor in the AC circuit. The conductivity of the composite (¢, in S/cm
measured in the axial (z) direction based on the setup given by Figure 1) was calculated

using Ohm’s law:
d-1

0= 2 (1)

where d is the thickness (0.1 cm) and A the surface area (0.08 cm?) of the composite, and
I 'and V are the current and voltage signals from the high-voltage sequencer, respectively.
The time-resolved electrical conductivities of the three samples are shown in Figure 2b.
Current resolution was 10 pA, representing the background noise of the sequencer. On
the basis of the sample geometry, this corresponds to a lower current detection limit
of ~2 x 1078 S/cm. Results from Figure 2b suggest that the electrical conductivity of
EVA /GNP composite increased exponentially as a function of time when the electric field
was turned on. Then, the increase in electrical conductivity became slower once the conduc-
tivity had reached ~10~% S/cm. The sequencer reached its current limit (~5 mA) at 3-5 min
of electric field application. When the electrical current through the sample was above
1mA, the current signal became unstable, fluctuated widely, and triggered the internal
circuit mechanism of the sequencer to shut off the applied electric field. Therefore, the max-
imal electrical conductivity the composite was reached using the high-voltage sequencer
occurs between 107 and 107> S/cm. In comparison, the neat EVA polymer exhibited
insulating behavior when an alternating electric field was applied in the molten state for
over 20 min (Figure 3). Voltage and current signals were out of phase with each other, and
the AC current fell completely within the range of instrument background noise (<10 pA).
Given that there were no current conducting species, this behavior was as expected for a
neat polymer matrix. The difference in the time-dependent electrical conductivity between
EVA /GNP composite and EVA neat polymer during electric field application suggested
that the electric field imparted microstructural changes to the conductive GNPs within
the composite.

Lastly, we measured time-resolved conductivity change to the EVA/GNP composite
by changing the electrical field strength (Figure 4a), temperature (Figure 4b), or GNP
concentration (Figure 4c). Results show that EVA /GNP composites required a longer time
until electrical breakdown when electric field strength, temperature, or GNP concentration
was lowered. For all samples shown in Figure 4 (except for the EVA/GNP_0.05 wt% shown
in Figure 4c), conductivity measurement was stopped due to electrical breakdown when
smoke was emitted from the sample, and a hole through the sample was created (Figure 1c).
Lastly, the onset of electrical current increase showed sample-to-sample variations, likely
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from the inherent inhomogeneity in graphene dispersion between swatches. Nonethe-
less, the rate of current increase was comparable once the current reading was above the
instrument’s detection limit.
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Figure 2. Time-resolved (a) voltage and current signals for Sample 1; (b) through-direction electrical
conductivities of three EVA/GNP_0.25 wt% samples during application of alternating electric field of
Eo =400 Vims/mm and wac = 1 s~ 1. For all three samples, time zero was determined with the time
at which the electric field was switched on.

250 : T T 10% . . '
200 - (a) 1 (b)
150 1 e ] —
100 - 1
= o Time (min) 4 = 1074 ]
g £
& oA 20 s
3 )
3 5] & | Bl _
e 10 7 [cren 2 n—’sx-%*_‘..;
o AR a
-150 s 10 T F“GT.
-200 - 1 A
0 N
-250 T : . gio ' '
-1.0 -05 0.0 05 10 0 .5 =
Current (mA) e )

Figure 3. (a) Current—voltage characteristic behavior of EVA neat polymer at 160 °C under an
alternating electric field of Ey = 150 Vims/mm and wac =1 s~ 1. Cyclic hysteresis curve suggested
that the EVA melt was an insulator and did not undergo dielectric breakdown. (b) Through-direction
electrical conductivity at sequencer noise level.
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Figure 4. Time-resolved electrical conductivity of EVA/GNP composites during electric field appli-
cation. (a) GNP concentration fixed at 0.25 wt% with varying electric field strength (400 V;ms/mm
or 250 Vims/mm) at 160 °C. (b) Field strength fixed at 400 Vims/mm with varying temperature
(120-160 °C) to control composite melt viscosity. (c) Field strength fixed at 400 Vyms/mm with vary-
ing GNP concentrations (0.25, 0.10, or 0.05 wt%) at 160 °C; dashed line, fitting with the logistic growth
model given by Equation (5).

3.2. TEM Imaging of Composites after Electric Field Application

Next, TEM imaging of the EVA/GNP composites was performed to evaluate whether
electric field application changed the microstructural morphology of the composite. Due
to the softness of the EVA polymer and the black visual appearance of the EVA /GNP
composite, characterization with the naked eye or optical microscopy was not possible.
On the other hand, TEM allows for the direct visualization of GNP dispersion and orien-
tation within the blend. Cryomicrotomy was performed in the plane of the electric field
application after a portion of bulk sample had been embedded in an epoxy matrix. During
cryomicrotomy, small defects on the diamond knife cutting edge create two types of arti-
facts that help in identifying the direction of the electric field application (Figure A1). The
first type of artifact is knife marks, shown as the sparse patterns which orient perpendicular
to the knife’s cutting edge. The second type of artifacts is chattering that arises from sample
vibration and irregular compression between specimen cutting face and knife edge. This
produces dense patterns that orient parallel to the knife’s cutting edge. Figure 5 shows
representative TEM images of EVA/GNP_0.25 wt% samples before and after electric field
application. No percolating GNP network was observed in either sample because the GNP
concentration was below the percolation threshold for a homopolymer matrix (~0.5 wt%
based on our previous work [17]).
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Figure 5. TEM images of EVA/GNP_0.25 wt% samples (a,b) before and (c,d) after 100 s electric field
application (Eg =400 Vims/mm and wac=1 s~1). (c,d) Direction of the alternating electric field determined
by microtome artifacts. Locations of locally aggregated GNPs are highlighted by dashed circles.

4. Discussion

Next, we discuss two possible hypotheses related to the electrical conductivity increase
in EVA /GNP composites under the applied electric field. First, we discuss whether GNPs
could become aligned under the electric field, which leads to the increase in bulk electrical
conductivity increase. Next, we discuss the effect of localized electrical treeing formation
during dielectric breakdown could induce an increase in electrical conductivity.

4.1. GNP Alignment-Induced Conductivity Increase

Small particles such as GNPs can be aligned under an electric field via dielectrophore-
sis. In order to evaluate whether an individual GNP aligned under our experimental
conditions, we applied the model proposed by Wu et al. [11]. We modeled EVA/GNP
composite as a dielectric matrix with conductive solid inclusions. The application of a
sinusoidal alternating electric field can result in both rotational and translational movement
to an individual GNP nanosheet. Assume that an individual GNP sheet is initially oriented
at angle 6 relative to the electric field and placed at distance x( from another GNP sheet.
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In response to the field, this GNP sheet first requires a rotation time (t,) to be fully aligned
within 1° with the field direction:

b
8’7(% - E) tan 6
t, = n .
7€ E} tan 1°

()

Once it becomes aligned with the field, it requires additional translation time (f) to form
an end-to-end connection with the adjacent GNP sheet, which can be estimated as follows:

2
Tkt
te = —F ~——554—xp. 3)
mat  E3e2,

The detailed derivations of these equations can be found in [11]. The following values
relevant to our EVA /GNP system were used in our calculations: a and b refer to the lateral
dimension (~1 pm) and thickness (~1 nm) of individual GNP sheets, respectively. The melt
viscosity of the EVA matrix at 160 °C was 7 = 450 Pa-s (experimentally measured with
ARES-2 rheometer); Ey = 400 Vims/mm is the strength of the electric field; e, = 6.7 g is
the dielectric constant of the EVA matrix (experimentally measured using the dielectric
rheology accessory at processing temperature); k; is the translational friction coefficient of
GNP given as follows [18]:

NI

1
3

‘(b/a)z 1

—.
1 |wra)*=1|2
tan 1(' ©7a) | )

Our calculation shows that commanding 5 min of 400 Vs /mm was sufficient to align
GNP sheets within 15° of the electric field direction (Figure 6). Once GNPs became aligned,
end-to-end connection of two adjacent sheets that were separated by a few micrometers
was formed within seconds, which leads to the formation of a conducting network in the
field direction (Figure 6).

ki = 67'[(a2b) 4)
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107 10 10
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E, =570 V/Imm l’ |
&n=6.4 g
n =450 Pa-s b
°
104 o -
ue
o®
E 000... /
é o0
P e00® ]
£ oo®
= oo... r } )
o®
[ ] tc
.
0 -y T
0 30 60 90
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Figure 6. Rotational time (in black, ¢,) required for individual GNP to become aligned with electric
field as a function of initial degree of misalignment (bottom x-axis), and translational connection time
(in red, t.) for two aligned GNP to form end-to-end connection as a function of initial distance of
separation (top x-axis). The melt viscosity and dielectric constant of the polymer matrix correspond
to our EVA /GNP composite at 160 °C under the experimental conditions.
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However, TEM results in Figure 5 show that applying the electric field to the EVA /GNP
melt did not result in global GNPs alignment. Contrary to the model that assumes a single
GNP sheet in the polymer matrix, GNPs in the composite were local agglomerates (high-
lighted as dashed circles). Even though blends were prepared by extensive probe sonication
and solution blending, GNPs were not fully exfoliated due to the strong 7— interactions be-
tween sheets. Therefore, the Wu model that describes individual graphene alignment under
the electric field does not adequately describe the present system. The strong interparticle
interaction causes GNP agglomeration, which reduces the polymer/particle interfacial
volume and reduces the particles’ ability to improve the composites’ dielectric properties.
Modifying nanoparticle-polymer interaction can lead to changes in the final composites’
material properties, such as rheology, mechanical properties, particle dispersibility, and
dielectric strength [19-22]. Increased particle-polymer interaction changes both the polymer
morphology and local charge distribution at the polymer-nanoparticle interface, thereby
improving the composites” dielectric properties. Siddabattuni et al. demonstrated that
the dielectric constants of TiO, /epoxy composites can be controlled by modifying TiO,
surfaces with self-assembled monolayer organophosphate ligands with different chemical
functionalities [22]. However, the chemical functionalization of neat graphene sheets is dif-
ficult due to the strong sp? hybridization of carbon structure and can lead to the decreased
electrical conductivity of graphene nanoparticles.

We performed statistical analysis on the TEM images of EVA /GNP blends after electric
field application (Figure 5c,d) on the orientation of the GNP sheets, but found no correlation
between GNP orientation and electric field direction. After electric field application, we
extracted the orientation angle of each individual GNP sheet (total number of sheets was
~150) within a single TEM image. The standard deviation of the orientation angle was £52°
relative to the mean angle of orientation, suggesting that the sheets were still randomly
oriented over a wide distribution. Additionally, the mean angle of GNP orientation was
~40° different from the electric field direction. This evidence suggests that the electric
field had a much weaker effect on inducing the alignment of GNP aggregates than that
of individual GNP sheets. Therefore, the effect of electric field on the composite was
localized. Since TEM imaging only provides a limited field of view (on the order of
~10 um?) whereas the cross-sectional area of the test specimen is ~8 mm?, it is possible that
the actual conductive pathway induced by electric field application occurred in a different
area. Nevertheless, should the electric field induce global effects on the composite such as
graphene orientation, these effects would be observed throughout the composite regardless
of the specific area being examined.

4.2. Dielectric Breakdown Induced Conductivity Increase

Another hypothesis that explains the observed increase in electrical conductivity
during electric field application is due to the samples’ dielectric breakdown. When the
sample was removed from the electrodes after reaching the maximal allowed current from
the sequencer, a cavity was found towards the edge of nearly all our samples (Figure 1c).
Additionally, upon reaching the maximum allowable current, smoke would emit from
the sample. The smoke indicated that the polymeric composite underwent electrical and
thermal degradation, which ultimately caused soot particles to be formed [23]. These
observations suggest dielectric breakdown of the sample occurred due to the electric field.

The dielectric breakdown of polymers by tree propagation due to an external electric
field can be described in three stages [24]. First, tree inception occurs from a point of a
high local electric field near the electrode. This process is usually enhanced by the presence
of local defects in the composite, such as cavities in the dielectric medium, the presence
of conductive fillers near the surface, roughness of the contacting electrode, and partial
discharge activities [3,25]. Second, tree growth is initiated by the partial discharge of
polymer surface that leads to surface erosion and decrease in material thickness. The loss of
material could come from a number of processes related to electric field applications, such
as direct ion bombardment, localized heating due to gases generated by the degradation
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of polymers to CO,, and excitation and oxidation of surface molecules [4]. Eventually,
electric-field-induced surface erosion creates small channels that penetrate the polymer
matrix, forming the first conductive bridge across the two electrodes [25]. Third, as a
conductive pathway is formed between the two electrodes, small and branched channels
are widened. Electrical conductivity continues to increase until dielectric breakdown. The
early stages of electrical treeing and channel growth are often modeled as a stochastic
process that is proportional to the electric field strength [20,26].

Nonetheless, electrical treeing at high field strengths can be deterred by adding well-
dispersed insulating inorganic particles (e.g., silica, titanium dioxide, aluminum oxide,
silicon carbide) into the polymer matrix. This enhances the dielectric strength of the host
polymer, creating functional materials for high-voltage insulation (>10° V/mm) applica-
tions. When insulating nanoparticles are well-dispersed in a polymer matrix, the large
interfacial area between the particle and the host matrix and the small interparticle dis-
tance both provide physical barriers that impede the flow of electric current between
two electrodes (Figure 7a). For conductive fillers, Han et al. found that their dispersion
state strongly affects the rate of electrical treeing in polymer nanocomposites [27]. In
graphene/silicone rubber systems, a small amount (~0.005 wt%) of well-dispersed GNPs
can act as physical barriers that inhibit electrical treeing. During tree growth, the channels
align and grow preferentially along the polymer/graphene interface, creating a “bush tree”
pattern that propagates slowly within the matrix (Figure 7b). On the other hand, poorly
dispersed GNPs at higher concentrations can create local highly conductive regions with
reduced particle distances within clusters and dielectric strengths. In turn, tree channels
propagate through these regions rapidly, causing lower degradation resistance and faster
dielectric breakdown (Figure 7c). While the EVA/GNP blends used in this study were
prepared by probe sonication and solution blending, local areas of GNP aggregates are
still readily found throughout the blend (Figure 5). Hence, regions within the blend that
contain clustered GNP agglomerates likely contribute to the electric treeing and dielectric
breakdown of the composite under electric field application. Since the electrical treeing
phenomenon is localized and occurs at a random location within the bulk sample, it is
difficult to utilize imaging techniques such as TEM to directly observe treeing.

(a) (b) (c)
\ — Graphene

d
d
R /
onductive region

Figure 7. Schematic diagram of electric tree growth through (a) polymer/insulating silica particle
composite with good particle dispersion, and (b,c) a polymer/graphene composite in which graphene
within a local area is (b) at low concentrations and evenly dispersed or (c) at higher concentrations
and poorly dispersed. In (a), tree growth proceeds in the area without particles but is hindered near
the polymer/particle interface. Treeing process strongly depends on particle dispersion if conductive
particles such as graphene are used. (b) Graphene is locally well-dispersed and tree formation
is inhibited by electric field distortion along the polymer/graphene interface. (c) Local graphene
agglomerates create locally conductive regions (highlighted in red) with lower dielectric strength that
accelerate electrical treeing. Figure (a) is adapted with permission from Ref. [3]. Copyright © 2009,
IEEE. Figures (b,c) are adapted with permission from Ref. [27]. Copyright © 2019 by the authors.
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4.3. Parameters That Could Influence Dielectric Breakdown under Electric Field

We lastly measured the evolution of electrical conductivity as a function of time when
EVA /GNP composites were subject to an applied electric field up to the point of dielectric
breakdown. We systematically varied electric field strength (Figure 4a), matrix viscosity
(Figure 4b), or GNP concentration (Figure 4c) in order to understand factors that could
influence the rate of dielectric breakdown within these composites.

The growth in electrical conductivity of EVA/GNP composites under the external elec-
tric field undergoes three stages. Initially, the sample conductivity is low because the GNP
concentrations of all samples were well below the percolation threshold in EVA (~0.6 wt%).
Thus, the current signal was below the resolution of the high voltage sequencer (~10 uA,
corresponding to ~2 x 1078 S/cm). Next, as the electric field induced the rotation and
translation of individual GNP sheets, there was a sharp insulator to conductor transition.
Lastly, the current growth appeared to be self-limiting upon nearing the current limit of
the sequencer (~1 mA, corresponding to ~3 x 107® S/cm). At that stage, electric treeing
had presumably already created a conductive pathway across the specimen thickness
and dielectric breakdown is occurring. Here, we implement a simple logistic model to
describe the progressive dielectric; similar models were used to describe the breakdown of
metal-oxide semiconductors [28]. The simple three-parameter logistic growth model of the
composite’s electrical conductivity o (t) is constructed as follows:

%
70 = T S
where 07 is maximal conductivity prior to dielectric breakdown, ¢ is the critical time when the
rate of conductivity increase is the highest, and 7 is the characteristic duration for which the
conductivity grew from 0.1y to 0.909 [28]. Fitting results are summarized in Table 1. Overall,
the logistic model provides an adequate fit to the electrical conductivity growth of EVA/GNP
composites, especially after the onset of the sharp increase in the electrical conductivity. During
the early stage of electric field application, the measured electrical conductivity is subject
to higher variability and uncertainty. Possible reasons include sample-to-sample variability
such as sample surface roughness and defects, and imperfect contact with the Cu electrode.
These factors could all affect the probability of tree inception. Nonetheless, the simple logistic
model offers important insights into the effects of field strength and filler concentration on the

dielectric breakdown of polymer/graphene composites.

Table 1. Fitting results of logistic growth model, Equation (5), describing conductivity growth in
EVA /GNP composites at 160 °C (numbers in parentheses represent the standard deviation across
different samples).

WGNP Ey Number of ) T t ()
(wt%) (Vims/mm) Samples (S/cm) (S/cm) 0
0.25 400 3 1.7(0_4) X 1076 11.7(2_3) 48.1(12_7)
0.25 250 2 110z x 107° 31.5(0.4) 136(24.6)
0.10 400 5 9.25.6) X 10—6 149100 640(107)
0.05 400 1 2.0 x 1077 1230 6870

We could establish several general observations from our results. When GNP con-
centration was near or above the percolation threshold (~0.5 wt%), EVA /GNP underwent
instantaneous runaway increase in electrical conductivity when the field was turned on. As
these samples were instantaneously broken down, conductivity measurements could not
be obtained. When the particle loading is above the percolation threshold, local conductive
pathways already exist in the bulk sample. As such, electric treeing proceeds through the
conductive regions with lower dielectric strengths and leads to early onset of dielectric
breakdown. Additionally, ty/ T, which is the ratio between the time of fastest conductivity
growth and the characteristic duration falls within a narrow range of 4.1-4.3. In the subse-
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quent discussion, we use parameter T, the characteristic duration of conductivity growth,
to describe the effect of the electric field leading towards the eventual dielectric breakdown
of the composite. For the lowest concentration of the 0.05 wt% GNP sample, a slightly
lower 0y =2.0 x 1077 S/cm and higher ty/7 ~ 5.6 were found.

First, we study the effect of the electric field strength on the dielectric breakdown
when GNP concentration was fixed at 0.25 wt%. According to Table 1, T measured at
Eo =250 Vips/mm was ~2.7 times the value compared to when Ey = 400 Vs /mm. Even
though direct evidence of GNP alignment was not observed in TEM, the characteristic
duration of conductivity growth similarly scaled with both the rotation and translation time
of individual GNP sheets under the electric field on the basis of Equations (2) and (3), f, and
tc ~ 1n/E3. Given the experiments were performed at the same temperature of 160 °C, the
viscosity of the EVA is identical across all samples. Therefore, the individual particle rota-
tion and translation time between the two datasets would be inversely proportional to the
square of the electric field strength, i.e., [(250 Vims/mm)/ (400 Vims/ mm)] 2 =256 ~2.7.

Next, the effect of matrix viscosity on the dielectric breakdown is studied by varying
the temperature of the composite melt during electric field application. In Table 2, we
report the zero-shear melt viscosity of the EVA matrix at temperatures between 120 and
160 °C based on small-amplitude oscillatory shear measurements. By fitting T obtained
from the three-parameter logistics model given by Equation (5), as a function of different
melt viscosities, we find the approximate relationship of T ~ ¥ (see Figure A2). This also
empirically agrees with the theory related to the rotation and translation of individual GNP
under the electric field, i.e., t, and t, ~ %/ E%. Therefore, the result suggests that the rate of
conductivity increase could be related to the rate of individual conductive particles’ motion
within the composite. The electric field induces motion to anisotropic conductive fillers to
form a local conductive pathway, which in turn leads to a reduction in the dielectric strength
to cause dielectric breakdown. Differences in the initiation time of electrical conductivity
increase between different samples under similar processing conductions may arise from
the inherent sample-to-sample variations in GNP dispersion and sample contact with the
test electrodes.

Table 2. Fitting results of the logistic growth model, Equation (5), describing conductivity growth in
EVA /GNP composites with varying composite melt viscosities (numbers in parentheses represent
the standard deviation across different samples).

WGNP T Ul 0o

(Wt%) e (Pa-s) (>S/cm) T to (5)
0.25 160 530 17,4 x 106 11703 481027,
0.25 140 1140 8.6 x 10~ 30.7 910
0.25 130 1650 9.7 x 10-6 26.6 1060
0.25 120 2430 7.0 x 10~ 742 1290

Lastly, we observed that T dramatically decreased with increasing GNP concentration
at fixed electric field strength of 400 Vs /mm. The rate of conductivity increase was much
slower for blends with lower GNP concentration of 0.10 and 0.05 wt% (Figure 4c). Blends
with higher GNP concentration exhibited shorter average interparticle distance. The lower
concentration of the conductive filler species within the blend reduces the probability of the
growth of electric treeing structure through conductive regions. Accordingly, blends with
0.10 or 0.05 wt% GNP were able to withstand eventual dielectric breakdown for longer
duration (~25-60 min) as opposed to ~2-3 min in EVA/GNP_0.25 wt% blends. For GNP
concentrations above 0.1 wt%, oy reached at least 10=7S/cm despite GNP concentration
being well below the percolation threshold. The dramatic enhancement in the maximal
electrical conductivity may indicate the formation of conductive pathway from electrical
treeing during electric field application. While the origin of dielectric breakdown during
electric field application is presumably dominated by the local electric treeing formation,
blends with higher GNP concentration are more probable to exhibit locally conductive
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regions that can favor treeing propagation. Results from Table 1 show that doubling GNP
concentration leads to an approximate order-of-magnitude reduction in 7.

5. Conclusions

In this work, we studied the effect of an alternating electric field on the electrical con-
ductivity of polymer/graphene composites. Applying an electric field up to 400 Vs /mm
to EVA/GNP composites in the melt greatly increased their electrical conductivity to
~107% S/cm, despite filler concentrations below the percolation threshold. While a the-
ory predicts that an alternating electric field induces rotation and translation motion to
anisotropic filler particles loaded in an insulating polymer matrix, we did not observe
global particle alignment in the field direction through TEM imaging. Instead, visual
inspection revealed that samples underwent dielectric breakdown. We attribute the origin
of the dielectric breakdown to the propagation of electrical trees. Local GNP agglomerates
increase electrical conductivity and lower the dielectric strength in those regions. This accel-
erates the channel formation of electrical trees during electric field application, ultimately
leading to dielectric breakdown. We established a simple logistic growth model to describe
the increase in electrical conductivity due to electrical tree formation as a function of time.
Qualitatively, the electrical conductivity of EVA/GNP blends sees slower growth when
the applied electric field strength was lower, the composite viscosity was higher, scaling
as predicted by alignment of graphene due to the electric field. It is possible that the local
alignment of a few random GNP sheets promotes electrical treeing of its surrounding poly-
mer dielectric, which ultimately leads the dielectric breakdown of the polymer composite.
Additionally, the characteristic duration of conductivity growth decreased exponentially
with increasing GNP concentration. The very low concentration of well-dispersed graphene
could delay treeing by forming a tree bush around isolated particles. However, our blends
with higher GNP concentration exhibited shorter interparticle distance and contained more
locally conductive regions with GNP aggregates that favor electrical treeing propagation.
Even though the mechanism of electric conductivity growth within EVA /GNP composites
was complicated by the nonuniform dispersion of GNPs, our model could be adapted to
other polymer/GNP systems to establish the scaling relationship between nanocomposite
properties, and the degradation and breakdown dynamics under an applied electric field.
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Appendix A
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Figure A1. Determination of electric field direction based on sample orientation during cryomicro-
tomy. Cryomicrotomy was performed such that the diamond knife’s cutting edge was parallel to the
electric field direction. Knife marks were perpendicular to the field direction, and sample chattering
patterns were parallel to the field direction.
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Figure A2. Fitting results between characteristic conductivity growth duration and melt viscosity of
EVA/GNP_0.25 wt% composites under electric field strength of 400 Vyms/mm.
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