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Highly conductive polymers are difficult to process utilizing standard polymer approaches. This report
describes a polymer composite loaded with a eutectic metal that is molten during melt processing along
with a more traditional Nickel particulate filler. Conductivities over 300 S/cmwere achieved, and 60 vol%
metals loading was processable with a single screw extruder. The addition of the Nickel particulate was
critical for maintaining eutectic dispersion. We anticipate that this approach will facilitate the imple-
mentation of conductive polymers into a broader variety of practical applications, due to the enhanced
compatibility with standard polymer processing techniques such as extrusion, melt mixing, and resin
transfer-molding operations.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Polymeric materials, which exhibit electrical conductivity
approaching pure metals yet retain the flow and formability
behavior of standard polymers, have the potential to be utilized in
many applications including energy storage devices [1], sensors
[2], electronics packaging [3], and EMI shielding [4]. Traditionally,
conductivity in polymers is obtained by using either an inherently
conductive polymer, or the addition of conductive filler. Inher-
ently conductive polymers, such as polypyrrole and polyaniline
typically consist of a rigid and conjugated polymer backbone
resulting in high melt viscosities and a melting temperature that
can be well above the degradation temperature [5]. This makes
most inherently conductive polymers difficult if not impossible to
melt process. Alternatively, the addition of conductive fillers such
as nickel, silver, or carbon black, typically requires very high
loadings to produce conductivity, causing increases in viscosity,
poor degassing behavior, and degradation of mechanical perfor-
mance in some cases. In addition, it can be difficult to disperse
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particles resulting in inconsistent performance of the material.
These issues magnify as the particle size decreases into the sub-
micron regime, driven by current trends in device miniaturiza-
tion. Carbon nanotube based polymer composites are a promising
alternative, where conductivity can be achieved at lower filler
loadings. However, the conductivity values are typically less than
1 S/cm, and dispersion of the nanotubes with typical polymer
processing schemes is difficult [6].

An interesting approach was developed to counter the viscosity
rise at high filler loadings by incorporating a eutectic metal to
decrease the viscosity of a polymer melt when above the eutectic
melting temperature [7]. However, electrical percolation was not
observed, resulting in a very low conductivity of e10�17 S/cm even
at 35 vol% eutectic loading [8]. A more recent report demonstrated
higher conductivity composites by exploiting small eutectic load-
ings to enhance particleeparticle contacts [9].

In contrast, we report in this paper a melt-processable, highly
conductive polymer composite through the addition of a low
melting eutectic metal in combination with nickel particulate filler.
An important difference in this work is that the eutectic metal
represents a majority fraction of the metals loading to improve
processability of the composites. In particular, small loadings of
solid particulates in the polymer, along with the eutectic, can
prevent coalescence of the molten eutectic droplets resulting in
intimately dispersed eutectic e particulate e polymer composites
that exhibit high conductivity values after melt extrusion. The
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Table 1
Composition of individual sample constituents.

Total metal content (vol%) Nickel (vol%) Eutectic (vol%) Polystyrene (vol%)

30 10 20 70
40 10 30 60
50 10 40 50
60 10 50 40

Fig. 1. Sheet conductivity at different total metal contents with a constant nickel
particulate loading of 10 vol%.
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nickel content was held constant at a loading of 10 vol% with
increasing eutectic metal loading. Total solids loadings of 60 vol% in
a polystyrene matrix were extruded with a single screw extruder.
The composite microstructure was observed using scanning elec-
tron microscopy (SEM) and energy dispersive x-ray spectroscopy
(EDX) to map the constituent elements. The images indicate that
the eutectic will encapsulate the nickel to provide stability to the
dispersed droplets. The resulting composites exhibited uniform
extruded cross-sections and no obvious air voids.

2. Experimental

2.1. Materials

Nickel particulate (2e4 mm; Aldrich, Milwaukee, WI) and poly-
styrene (PS666D, DowChemical,Midland,MI)were used as received.
The eutectic metal consisting of 58 mass % Bismuth / 42 mass % Tin
(CerroMetal Products, Bellefonte, PA)was received as a 1.5 lb bar. The
bar was processed into smaller pieces by melting themetal at 180 �C
and pouring the melt through a wire mesh into a water bath. The
collected material was dried in a vacuum oven for 18 h at 40 �C.

2.2. Composite processing

Compounding was performed in a Randcastle RCP-0750 single
screw extruder (Randcastle Extrusion Systems, Cedar Grove, NJ) at
260 �C. The filler was added in small increments (e2 g filler/10 g
polymer material) to avoid screw damage. The extrudate was
collected, pelletized, and re-extruded with additional filler. When
the desired filler loading was obtained, the composite was re-
pelletized and extruded multiple times to ensure uniformity.

2.3. Resistance measurements

The resistance of the extrudate was measured with a Keithley
2410 source meter using a standard 4-wire method. The resistance
values were normalized by the sample dimension to obtain the
volume resistivity and reported as the volume conductivity (inverse
of volume resistivity) in S/cm.

2.4. SEM

SEM images of the composite microstructure were obtained on
a Zeiss Supra55VP, field emission gun, scanning electron micro-
scope. The samples were potted in epoxy, polished, coated with
a gold-palladium mixture, and imaged with a 5 kV accelerating
voltage in high vacuum mode.

3. Results and discussion

The filler system consisted of nickel particulates co-dispersed
with a 58% Bismuth/42% Tin eutectic metal. Nickel was utilized due
to its electrical conductivity and relative stability to oxidation at
room temperature. The eutectic metal has a melting temperature of
138 �C, below the processing temperature of 260 �C but above
operational temperature ranges for typical devices. The eutectic
was previously explored as a lead-free solder replacement and
exhibits good mechanical and electrical connections with nickel
[10]. Polystyrenewas selected as amodel matrixmaterial because it
is commercially available in a variety of molecular weights and has
well characterized flow behavior to facilitate future investigations
regarding the impact of the matrix viscosity and the eutectic-nickel
composition on the flow behavior, respectively.

The eutectic metal was added in 10 vol% increments while
keeping the nickel content constant at 10 vol% (Table 1). The
conductivity values were normalized by the sample dimension and
reported as S/cm. The composites exhibited a measurable
conductivity at 30 vol% metals loading (10 vol% Ni/20 vol% eutectic)
of e0.1 S/cm (Fig. 1). At 40 vol% metals loading the conductivity
increases to 8 S/cm and then begins to plateau at 350 S/cm at 60 vol
% metals loading. In addition, the composites maintain the
conductivities over large length scales. For example, a 65 cm strand
of extrudate with a 3 mm diameter exhibited an end-to-end
resistance < 1.3 U. Control samples containing 20 vol% nickel
particulate without eutectic exhibited reasonable conductivity
values of 0.1 S/cm. When the loading was increased to 30 vol%
nickel particulate, the conductivity increased to 10 S/cm however,
the material was an unprocessable paste with large void content.
The 30 vol% nickel loading resulted in congestion in the extrusion
nozzle and failure of the extruder burst disc during processing.

The incorporation of nickel particulate is critical to dispersing
large quantities of eutectic metal. In the absence of the nickel
particulate, the eutectic would coalesce into large droplets with
loadings larger than a few volume percent, resulting in a non-
conductive composite structure. With 10 vol% nickel particulates,
the eutectic was well dispersed in the polystyrene matrix, and the
composite exhibited substantial conductivity. Several potential
explanations can describe the nickel facilitated dispersion of liquid
eutectic including: the nickel acts as a mechanical aid during
mixing; the nickel modifies the viscosity of the eutectic droplets
and slows the coalescence process similar to the dispersed phase in
an immiscible polymer blend [11]; the particulates act as wetting
sites for the liquid eutectic forcing eutectic dispersion as the nickel
particulates become increasingly dispersed; or some combination
of these mechanisms. While the mechanism for the nickel facili-
tated dispersion is unclear, control experiments illustrated the



R.A. Mrozek et al. / Polymer 51 (2010) 2954e29582956
importance of the nickel surface chemistry and eutectic e nickel
wettability. If the nickel particulates were heated to generate an
oxide coating, the oxide-coated nickel did not facilitate eutectic
dispersion, and eutectic loadings of only a few volume percent were
Fig. 2. SEM images of composite samples containing 10 vol% nickel along with a) 10, b) 20, c)
(LEFT) and parallel (RIGHT) to the extrusion direction. Scale bars are 50 um long. Black is p
possible. SEM images of the composites provided additional
insight. At low filler loadings (10 vol% Ni/10 vol% eutectic, Fig. 2a),
the filler dispersion consisted of nickel particulates in the poly-
styrene matrix and isolated larger islands of eutectic metal that
30, d) 40, and e) 50 vol% eutectic in a polystyrene matrix cross-sectioned perpendicular
olystyrene, light gray is Ni particulate, and white is eutectic.



Fig. 3. a) SEM image of polystyrene containing 10 vol% nickel/50 vol% eutectic where black is polystyrene, light gray is Ni particulate, and white is eutectic. EDX maps of b) bismuth,
c) tin, and d) nickel. Scale bars are 50 um long.
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encapsulate the remaining particles. As the eutectic loading
increases to 20 vol% and 30 vol%, Fig. 2b and c respectively, the
nickel particulates were increasingly engulfed by the eutectic. The
composite microstructure evolved to islands of a eutectic/Ni
composite dispersed in the polymer matrix. While in the cross-
sectional SEM images it is not obvious, the islands were not
completely isolated, since the conductivity of 8 S/cmwith the 10 vol
% Ni/30 vol% eutectic formulation is consistent with a reasonably
percolated structure. With 40 vol% and 50 vol% eutectic the Ni
particulates are completely encapsulated by the eutectic and the
Ni/eutectic “islands” exhibit substantial connectivity even in the
SEM images, which provides the higher electrical conductivity for
these samples. The gradual encapsulation of nickel with eutectic,
coupled with the observation that oxidized nickel particulates did
not facilitate eutectic dispersion, demonstrates that the eutectic
wettability of the solid filler and the resulting filler-eutectic inter-
facial region that forms during processing is a critical factor for
preventing coalescence of the liquid metal. Exploration of this
eutectic as a lead-free solder replacement showed that a Ni3Sn4
interfacial alloy formed in the range of 180e300 �C, consistent with
the processing temperature of these composites [10]. Cross-
sectional images obtained both parallel and perpendicular to the
extrusion direction did not exhibit any noticeable anisotropy
(Fig. 2).

To gain additional insight into the co-operative interaction of the
nickel particulate and eutectic metal, the constituent elements were
mapped in the SEM using energy dispersive x-ray spectroscopy
(EDX). Fig. 3 contains anSEM image of a 60vol%metal loading sample
along with elemental maps obtained from EDX for bismuth, tin, and
nickel. These images verify a high concentration of nickel with the
eutectic, while outside the eutectic little nickel is observed. Inside the
metal rich regions, the nickel and tin signals largely overlap and are
surrounded by the bismuth. This indicates that during the eutectic
encapsulation of nickel, the eutectic phase separates, typical of
eutectics, and the nickel nucleates the tin.Whether this indicates that
the tin has some affinity for the nickel or the nickel simply provides
a solid surface to facilitate nucleation is unclear. As mentioned
previously this eutectic was examined as a lead-free solder for use
with nickel electrodes and formed a thin continuous layer of Ni3Sn4
interfacial alloy in the range of 180e300 �C [10].

4. Conclusions

This report describes a melt-processable polymer composite
that exhibits high electrical conductivity based on a low melting
eutectic metal and a traditional nickel particulate filler. Through
this approach, metal loadings of 60 vol% were produced while
maintaining the ability to melt process the composite. The incor-
poration of 10 vol% nickel was vital for obtaining high eutectic
loadings, and maintaining eutectic dispersion. The surface chem-
istry of the Ni filler was important as eutectic e filler wettability
were critical for preventing eutectic coalescence. While we
hypothesize that the generality of this approach can be expanded to
other composite systems, it will certainly have some limitations
within the confines of processing windows, filler-polymer-eutectic
interactions, and viscosity ratios which, at this time, we have not
fully investigated. Ongoing research is focused on outlining those
details by examining the impact of Ni loading and processing
conditions on the resulting composite morphology, as well as the
incorporation of other filler types such as Ni nanoparticulates, Ni
coated graphite fibers, carbon nanotubes and carbon nanofibers,
and even silica particulates with various surface chemistries. In
addition, we are investigating the generality of this approach in
other polymer matrices. We anticipate that this work will lead to
implementation of conductive polymers into a variety of applica-
tions using traditional melt processing techniques.
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