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A B S T R A C T

The electrical conductivity of plastics can be improved by metal filler particles, but high metal loadings (several
ten volume percent) are generally needed to realize percolating pathways that can conduct electricity. We ex-
plore the improvement of the electrical conductivity of polystyrene by simultaneously adding two different
metal fillers: copper particles, and a lead/tin solder alloy. The essential idea is that during mixing, the solder can
bind together the particles via numerous menisci and the resulting copper-solder aggregates can then form a
percolating network – hence the term “bulk soldering”. We show that this approach can realize high con-
ductivities at total metal loadings that are far lower than if the copper particles were used as the sole conductive
filler. SEM confirms that the microstructure consists of copper particles bonded by the solder, and that such
aggregates can percolate throughout the sample volume. Indeed at a total metal loading of 20 vol%, the mixing
process can create an all-metal scaffold that remains free-standing even when continuous phase polystyrene is
removed. We examine the effect of composition on the microstructure and conductivity, and show that there is
an optimal solder:copper volume ratio of roughly 0.6 which gives the highest conductivity. High conductivity is
achieved only if a flux is added during mixing. The flux removes the copper oxide layer on the copper particles,
and hence ensure wetting of copper by solder. Finally we comment on the similarities and differences between
these polystyrene/solder/copper mixtures versus other liquid/fluid/particle mixtures in which capillarity in-
duces aggregation of particles.

1. Introduction

It has been long recognized that capillary forces (i.e. forces stem-
ming from surface or interfacial tension) can greatly affect the structure
of particulate systems [1–7]. Examples include the strength of wet

granular materials which comes from particles being bound together by
bridging menisci [8], “spherical agglomeration” of particles by col-
lecting them within drops [9], particle-stabilization of foams due to
strong adsorption of particles to the air/liquid interface [10–12], and
the stability of “bijels” against coarsening [13]. The common feature in
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such materials is that the capillary force offers a simple means of
binding together particles and hence creating some specific aggregated
structure. One may then sinter this structure to make it more permanent
[14–17], thus offering a processing route to new materials. The rich
variety of microstructures that can be realized due to capillary phe-
nomena in particulate materials has been reviewed recently [5,18].
Progress on using capillary forces for developing new materials has also
been reviewed [3].

Perhaps the most dramatic effect of capillary forces on the behavior
of particulate materials is the change in rheological properties. In the
above example of granular materials, dry sand can be poured readily,
whereas wet sand can be molded into sand castles [8]. The same has
been observed in particulate suspensions wherein addition of oil to a
particles-in-water suspension (or vice versa) gives the suspension solid-
like rheology, e.g. a yield stress [19]. Such changes in rheology have
been regarded as the signature of a mechanically-percolating network,
i.e. capillary forces not only aggregate the particles, but the aggregates
form a space-spanning network that is responsible for a very high
viscosity or even a yield stress.

Just as a large-scale network can affect the viscosity, it is also
plausible that other transport properties of the material might be af-
fected. In fact, electrical conductivity is one transport property that is
often strongly affected by the presence of a large-scale network. This is
well-recognized in reviews [20–22] on polymers that have been ren-
dered conductive by addition of conductive fillers such as carbon black,
carbon nanotubes [23,24], carbon nanoparticles, or graphene [25]. In
that literature, it is commonly observed that high conductivity arises
only when the filler loading exceeds a certain threshold (percolation
threshold for electrical conductivity) beyond which the filler forms a
network. Much research on conductive polymer composites has sought
to reduce the percolation threshold, e.g. by using high aspect ratio fil-
lers such as conductive fibers [26,27].

The goal of this article is to examine the improvements in con-
ductivity of a polymer due to addition of conductive filler particles
which are bonded by capillary forces. Specifically, we use polystyrene
(PS) as the low-conductivity matrix polymer, copper particles as the
conductive filler, and a tin-lead solder alloy as the fluid that induces
capillary forces between the copper particles. The essential physical
picture can be illustrated in Fig. 1 (Section 2 will provide experimental
support for this picture). Fig. 1a&b depicts the case of copper particles
dispersed in PS in the absence of solder. Since the particles do not ag-
gregate to a significant degree, a relatively high particle loading is
needed to realize a percolating network. Moreover, neighboring parti-
cles make relatively poor contact with each other, and hence low
conductivity is expected. This is because even a small separation be-
tween the particle surfaces, being filled with the low conductivity
matrix, adversely affects conductivity [28,29]. Fig. 1c&d shows the
effects of adding solder during the blending process. The solder, being
fully-wetting towards the copper, can bridge the particles by a meniscus
(Fig. 1c&d) which can lower the percolation threshold. Crucially, the
capillary forces are induced by the liquid metal alloy that is itself highly
conductive, thus allowing the possibility of a fully-metallic network
that spans the entire sample. This idea of bonding together metal par-
ticles by mixing them with solder is dubbed “bulk soldering” in this
paper.

Although the term “bulk soldering” is new, the idea of combining
non-melting metal filler and low-melting point alloys (LMPA) to im-
prove the conductivity of plastics has been explored to some extent. We
have reviewed the broad literature on LMPA-polymer composites re-
cently [30] and cite four papers [31–34] which melt-blend LMPA, non-
melting metal filler, and polymer. The LMPA used in those articles were
typically alloys of metals such as tin, lead, and bismuth, and had
melting temperatures below 250 °C. The LMPA, the non-melting metal
filler, and polymer were all blended at a temperature above the LMPA
melting point. This approach has two advantages: standard plastics
processing equipment may be used for blending (and hence the

manufacturing approach is readily scalable), and the resulting blends
can have high conductivity. A somewhat different example of this ap-
proach is from Sun et al [35,36] who used a cross-linkable epoxy matrix
and silver particles that were bonded by an ionic liquid (rather than a
liquid metal), although the amount of ionic liquid was only a small
fraction of the particle loading.

Obviously for practical applications as conductive plastics, it is de-
sirable to achieve high conductivity at as low a metal loading as pos-
sible. Much of the previous research used fairly high metal loadings:
40 vol% in Yang et al [34], 53 vol% in Zou et al [32], and over 50% in
Mrozek et al [31]. Due to the relatively high cost of the metals (espe-
cially solders) as compared to plastics on a volumetric basis, these high
loadings entail a high cost. Moreover, if the particulate metal is present
at high volumetric loading, this also causes poor processability, as true
for all particle-filled polymers. One may use lower metal loadings using
high aspect ratio particles [27,33,35], but typically high aspect ratios
also tend to significantly worsen processability. Yet, the literature on
capillary effects in particulate materials suggest that mechanical per-
colation can appear at far lower particle loadings. For example, our own
research on blends of particles and two immiscible polymers suggests
that when particles are bridged by menisci such as shown in Fig. 1c&d,
percolation (judged rheologically) can appear when the particle loading
is well under 10% loading [37]. Similar research in oil/water systems
[38,39] also suggests that percolation can occur at particle loadings
much lower than those used in LMPA-based composites [31,32,34]. As
long as the particles are separated from each other, mechanical per-
colation does not necessarily induce electrical percolation. However, if
the particles may be bridged by a meniscus, it may be possible to induce

Fig. 1. Schematic of (a) Copper dispersed in polystyrene without flux and
solder to form polymer composite (b) magnified view of a particle-particle
contact (c) copper and solder in polystyrene forming metal network (d) mag-
nified view of solder bonding particles via a meniscus.
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electrical percolation at roughly the same particle loading as mechan-
ical percolation. We speculate that the previous studies [31,32,34] have
examined only a very limited range of the composition space, and it is
possible that with a more systematic study of compositional effects,
high conductivity maybe be achieved even at a particle loading that is
much lower than examined previously. In summary, the motivation of
this paper is to develop the idea of bulk soldering more systematically
across a wider range of composition space than examined previously,
with a particular focus on lowering the metal loading needed for rea-
lizing high conductivity.

Our research approach in this paper is heavily influenced by recent
research, including from our own group, elucidating structure-compo-
sition relationships in ternary liquid/liquid/particle mixtures [5]. These
include a wide variety of ternary mixtures of oil/water/particles, air/
water/particles, and particle-filled blends of molten polymers. Since
PS/solder/copper blends constitute liquid/liquid/particle mixtures,
many of the insights drawn from the previous research are directly
applicable to this research. Two insights are especially relevant. The
first is the importance of the relative wettability of the particles towards
the two liquids. In the present case, the copper particles are fully-wetted
by solder and hence – if there is sufficient solder – the particles can be
engulfed by the solder completely. Thus, the solder:copper volume
ratio, which determines whether engulfment happens or not, is a cri-
tical parameter determining structure. The second is the recognition
that continuous metallic pathways can be created throughout the
sample by three distinct microstructures (Electronic Supplementary
Information - ESI Fig. S1) that correspond to different regions of the
ternary composition space [40]. Any one of these pathways should have
a high conductivity, however, Fig. 1c corresponds to one such pathway
that creates metallic pathways via a metal-solder composite structure.

The outline of this paper is as follows. Section 2 first describes the
materials and methods briefly (details in ESI), followed by experimental
results on how the conductivity and microstructure are affected by total
metal loading (Section 2.2), the critical role of flux (Section 2.1), the
solder:copper ratio (Section 2.3) and copper particle shape (Section
2.4). Section 3 discusses the results, especially in regard to how these
ternary mixtures compare with in oil/water/particle or polymer/
polymer/particle mixtures examined previously.

2. Results

Samples were prepared from polystyrene (PS), 30–80micron dia-
meter copper particles (ESI Fig. S2), and “solder paste” of a grade ty-
pically used in the microelectronics industry. The paste consisted of
15–25micron diameter particles of Sn63Pb37 dispersed in a continuous
phase flux. The melting point of the Sn63Pb37 is known to be
Tm=183 °C). Most samples also included a solder flux to clean the
particles (see below). Other details of the materials are given in the ESI.

Samples were prepared by blending all components under molten
conditions, first mixing the copper particles and the flux, then adding
the solder paste, and finally the PS. The temperature during the last
mixing step was 220 °C, far above the melting point of the solder par-
ticles. All other details of mixing are given in the ESI.

The samples were molded into discs at 225 °C and conductivity
measured through the thickness. The surface of the discs was sanded
lightly to expose the metal particles and ensure good contact with
electrodes. Samples were also immersed in toluene to extract the PS,
upon which the metal dispersed phase could be recovered and imaged
by optical and electron microscopy. All the details of conductivity and
structural characterization are given in the ESI.

The composition of the samples is specified by two volume fractions
ϕsolder and ϕcopper (the polystyrene being the remainder). We will fre-
quently refer to the volume ratio of the solder to the copper as ϱ:

=

ϕ
ϕ

ϱ solder

copper (1)

Two series of samples were prepared: the first that varied ϕsolder and
ϕcopper keeping ϱ fixed at 0.15 (Section 2.1 and 2.2) and the second that
varied ϱ at a fixed metal loading of 0.2 (Section 2.3). In most of our
previous research on the fundamentals structure-composition relation-
ships, the composition of liquid/liquid/particle mixtures was re-
presented on a triangular composition diagram. Analogously, the
compositions of all the three mixtures are shown on such a diagram in
ESI Fig. S6.

Initial experiments were conducted at a single solder:copper ratio of
=ϱ 0.15. The rationale for selecting this ratio is guided by analogous
research on other liquid/liquid/particle ternary mixtures. That ratio-
nale is as follows. As mentioned in the Introduction, since the solder can
wet the copper completely (see below), we anticipate that solder and
copper will form a combined phase in which copper particles are dis-
persed in solder. Such a combined phase is expected only if the solder
volume is adequate to completely engulf all the particles. The schematic
picture of Fig. 1c&d requires the solder to join the particles either
pairwise or via a few-particle contacts, but not complete engulfment.
Previous research suggests that in analogous ternary mixtures when the
particles are fully-wetted by one phase, complete engulfment requires
the wetting phase to be roughly 25% of the volume of the particles [5].
Thus a ϱ value of 0.15 seems suitable to avoid complete engulfment,
and hence this value was adopted for initial experiments. Later ex-
periments also examined ϱ values ranging from 0.06 to 1.5.

2.1. Critical role of flux

Fig. 2 compares the electrical conductivity at several filler loadings
for three different sample families. The lowest set of data (filled trian-
gles) correspond to polymer-copper composites prepared by simply
dispersing copper particles (as received) into polystyrene. These sam-
ples have low conductivity even at 30 vol% copper loading. One reason
for this low conductivity is simply that the copper particles are well-
separated by an insulating layer of polystyrene. Yet a second reason
may be that copper is generally covered with a thin surface layer of
oxide which is insulating. Thus, even when two particles make physical
contact, there may still be an insulating oxide layer preventing good
electrical contact.

Accordingly, samples with the same copper loading were prepared,
but with the particles being pre-dispersed into flux prior to blending
with polystyrene. The resulting samples (open red circles in Fig. 2) were
found to have a conductivity that was orders of magnitude higher.
These experiments testify to the importance of having metal surfaces

Fig. 2. Conductivity of PS/solder/copper composites at various total metal
loadings where = ϕ ϕϱ /solder copper was kept fixed at 0.15. The points labelled a, c,
d and e refer to the corresponding images in Fig. 3 which shows morphologies
of these samples.
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that are extremely clean: it appears that oxide film poses a significant
resistance to electron conductivity, and removing it can increase con-
ductivity.

Flux has two important constituents called activators and vehicles
[41]. Information provided from the flux manufacturer shows that the
activators in the flux used here are NH3Cl and steric acid. The former
can readily decompose at high temperature to produce HCl. Both acids
can reduce the CuO layer on the particles. The vehicle (i.e. the carrier
phase) for this specific flux is not known, but often includes a solvent,
and possibly some non-volatile species.

Weighing experiments on the samples before and after mixing
suggest that roughly half of the mass of the flux is volatile and is lost
during the melt blending process. A separate experiment conducted
with a mixture of flux and polystyrene (no metal) shows that the non-
volatile portion remains in the sample in the form of a dispersion. In
samples that contain solder and copper particles (discussed in the next
section), due to opacity, our experiments are not able to determine the
location of the non-volatile portion of the flux. Yet, the fact that the
copper is well-wetted by the solder suggests that they do not interfere
with the wetting of copper by solder.

2.2. Bulk soldering of copper particles

We now turn to samples to which solder is added, and this section is
restricted to samples for which =ϱ 0.15. Fig. 2 shows that these samples
have far higher conductivity than the flux-containing samples without
added solder. We emphasize that the x-axis of Fig. 2 is drawn at total
metal loading, i.e. the conductivity increase occurs not because adding
solder raises the metal loading, but because the solder changes the
microstructure.

We examined the microstructure directly by Scanning Electron
Microscopy (SEM) after removing the PS phase by selective dissolution
in toluene. In the absence of solder, the copper particles are well-wetted
by PS, as may be judged by their good dispersion. Dissolution of the PS
phase gave a slurry of copper particles in toluene indicating that the
copper particles were completely separated. With addition of solder, the
copper particles were found to be bonded together into aggregates
(Fig. 3a). The aggregate size increased with total metal loading (Fig. 3b-

f) until, at 30 vol%, the solder-copper together formed a fully-self-
supporting scaffold that retained the original shape of the molded disc
(Fig. 3e). In fact, a large-scale scaffold was evident at 20 vol% as well
(Fig. 3d), although it was fragile and fragmented upon extracting from
toluene. It is the presence of this very open scaffold that provides highly
conductive pathways throughout the sample and hence is responsible
for the high conductivity.

Higher magnification views (Fig. 3c and f) show the details of the
particle contact and confirm that the solder wets the particles. Indeed,
complete wetting is evident even without any SEM at all: when a blend
such as Fig. 3b is immersed in toluene, the remaining metal aggregates
appear to be a dull silvery color (Fig. S4d) rather than the red color of
copper (Fig. S4a&c). This indicates that the solder is not only bonding
together copper particles, but also covers the copper surfaces. Yet, the
microscopic picture of particle contact (Fig. 3c) appears to be more
complex than Fig. 1d. Specifically, the contacts between the particles
are not strictly pairwise as sketched in Fig. 1d, but instead involve
multiple particles bonded together by a single meniscus. Such a mi-
crostructure was dubbed “pendular/funicular morphology” in our re-
search [5,9] on immiscible liquids with particles. These images suggest
the schematics drawn alongside each set of data in Fig. 2, with two
features being noteworthy (1) particles in the lowermost schematic are
depicted with an oxide film, which is no longer present in the middle
schematic (after flux treatment), and (2) in the uppermost schematic,
the space between the particles is depicted as filled with solder.

Finally, we re-emphasize the critical role of the flux in creating the
solder-bonded particle structure. In the absence of flux, the solder by
itself is ineffective in raising conductivity. Specifically, a limited
number of PS/copper/solder mixtures were prepared by simply melt-
blending dry solder powder, copper particles (as received), and PS.
These blends had low conductivity suggesting that the copper particles
are not well-wetted by solder in the absence of flux. To verify this, we
compared the melting behavior of solder on copper foil without and
with flux. If dry solder powder was placed on copper foil and melted
(Fig. S5a), it coalesced into large blobs which, upon cooling, were easily
chipped off the surface of the foil (Fig. S5b). In contrast, melting the
solder paste (which is the same solder particles dispersed in flux) on foil
resulted in excellent wetting (Fig. S5c) and it was not possible to chip

Fig. 3. SEM images of conductive polymer composite with copper particles, solder, and flux. Samples are prepared at constant ϱ-value of 0.15 with increasing total
metal loading after selective dissolution of polymer matrix (PS) with metal loading of (a) 5 vol% (b) 10 vol% (d) 20 vol% and (e) 30 vol% show low magnification
images with (c and f) at high magnification of 10 vol% and 30 vol% metal loading respectively.
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away the solder from the foil (Fig. S5d), making it easy for the solder to
wet the surface of the copper [42,43]. Thus, the removal of oxide from
the copper surface is a critical step in realizing high conductivity.

To our knowledge, there is no prior research on adding flux to im-
prove the conductivity of metal-filled plastics. This idea is potentially
applicable not only to copper, but also to other metals that are used to
improve the conductivity of plastics. Indeed, specialized solders are
available even for making the surface of stainless steel suitable for
soldering, and this may be a useful method to improve the conductivity
of conductive plastics based on stainless steel fibers [44]. The chief
challenge is that such fluxes are corrosive and may be damaging to
processing equipment.

2.3. Effect of solder:copper particles ratio on composite

We now examine the effect of the solder to copper ratio, ϱ. As
mentioned in Section 2.2 when the particles are fully-wetted by one of
the two liquids, two possibilities arise depending on the wetting
fluid:particle ratio. If the ϱ value is sufficiently large, the particles and
the wetting liquid form a combined phase. In contrast, if the ϱ value is
relatively small, the wetting liquid tends to form menisci that bond the
particles together. Accordingly, ϱ strongly affects microstructure, and in
the present case, is likely to influence conductivity. Indeed this was
noted by Zou et al. [32] albeit at a very high metal loading (53 vol%),
and by Sun et al. [35] in an ionic liquid system, although these latter
experiments used highly non-spherical particles and relatively small ϱ
values. Here we re-examine this question, but at a much lower metal
loading (20 vol%) than Zou et al. [32], and across a range of ϱ values
that span the expected transition from meniscus-bound to a particle-
engulfed state. Since the total metal loading is held fixed at 20%, these
sets of samples trace a trajectory in the triangular composition space
that corresponds to =ϕ 0.8PS as illustrated in Fig. S6, and in Fig. 4f.
Practically this trajectory is interesting because it may be possible to
improve the conductivity without increasing the metal loading, but by
choosing a ϱ value different from the =ϱ 0.15 used in Figs. 2 and 3. But
conceptually as well, varying the solder:copper ratio is interesting since
it allows a direct comparison of this system against the previously-
constructed map of microstructure across a wide range of compositions
for model polymeric systems [9,40,45]. Specifically, we showed that as

the volume fraction of the particle-wetting fluid was increased, there
was a sequence of structural transitions from meniscus-bound particle
aggregates to capillary aggregates to phase inversion, sometimes with
an intermediate cocontinuous morphology. In this section we will test
whether similar structural changes appear, and how they affect con-
ductivity.

Fig. 4 illustrates the effect of changing ϱ at a fixed total metal
loading of 20 vol%. Fig. 4a corresponds to the lowest solder content of

=ϱ 0.06, which corresponds to ϕsolder =1.1% and ϕcopper =18.9%. As
expected at this relatively low solder content, there is insufficient solder
to engulf the copper particles completely. Accordingly, the sample
dispersed completely upon immersing in toluene, and SEM revealed
discrete aggregates of few copper particles bonded by menisci of solder.
Fig. 4b (identical to Fig. 3d) corresponds to =ϱ 0.15. As mentioned
above, upon removing the PS, all the metal was consolidated into only a
few large fragments which are called a pendular/funicular network of
the filler phase. With further increase in the ϱ value to 0.6 (Fig. 4c), all
the particles became bonded into a single percolating network, and
immersing the sample into toluene gave a single porous disc of metal. In
SEM, the particles appear to be heavily covered with solder and
strongly bonded into large aggregates. A further increase in ϱ to 0.9
(Fig. 4d) led to significant coarsening of the morphology. While a large
and fairly open network still exists at this composition, the size-scale of
the “building block” of this network is no longer a single particle, but
large blobs of particles held together by solder. Previously, we called
these blobs “capillary aggregates”, and the corresponding network as a
“capillary aggregate network”.

A further increase in ϱ to 1.5 (Fig. 4e) leads to a breakdown of the
percolating network. This can be anticipated based on our previous
research [9,45] and can be explained readily: capillary aggregates are
stable against coarsening because they have a very high internal vo-
lume fraction of particles, e.g. at =ϱ 0.9, the copper particles constitute
53 vol% of the combined (copper+ solder) phase. At such a high-vo-
lume fraction, the combined (copper+ solder) phase is expected to
have solid-like rheology, and hence cannot coarsen. When ϱ increases,
the combined phase becomes dilute (e.g. Fig. 4e has only 40% copper in
the combined phase). Due this dilution, the combined phase behaves
like a relatively low viscosity liquid and can coalesce or breakup
readily. Under these conditions, sustaining a network is difficult due to

Fig. 4. SEM images of conductive polymer composites with copper, solder and flux at different ϱ-values at fixed metal loading of 20 vol%. The triangular composition
diagram shows the compositions of the samples shown in Fig. 4a–e.
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rapid coarsening induced by interfacial tension [40].
One may expect these changes in microstructure to induce sig-

nificant changes in electrical conductivity and indeed, Fig. 5 shows a
sharp increase in conductivity at small values of ϱ, with the =ϱ 0.6
giving the highest conductivity amongst the measured samples. There is
clearly an optimum in the solder:particle ratio: not only does the con-
ductivity reduce when ϱ rises to 0.9, but the microstructure of Fig. 4e is
so coarse that it is not possible to make homogeneous discs for con-
ductivity measurements.

2.4. Shape and mixing effects

High aspect ratio fillers, for example, acicular, fiber-like, and plate-
like particles can generally percolate at much lower volume fraction
than spherical particles and hence can give higher conductivity. Indeed
conductive polymer blends that use stainless steel fibers as the con-
ductive filler have been commercialized [44,46]. We examined whether
replacing the spherical copper particles with flakes would affect con-
ductivity. Flakes were prepared by ball-milling the spherical copper
particles, and their morphology is shown in ESI Fig. S3. Fig. 5 compares
the conductivity of four blends (two different flake sizes at two different
ϱ values) against the corresponding samples with spherical particles.
Surprisingly, increasing the aspect ratio did not necessarily increase
conductivity. At =ϱ 0.15, the conductivity reduced sharply indicating a
loss of the percolating network, and indeed immersion in toluene
caused a complete disruption of the disc specimens. In contrast, per-
colation was maintained at =ϱ 0.6 and high conductivity was retained.
The corresponding images are shown in Fig. 6. The possible reasons for
this are discussed in Section 3 below.

Finally, all the research thus far was conducted by mixing by hand
with a spatula. For any practical applications, the use of conventional
plastics processing equipment to prepare such samples would be
needed. We conducted a single experiment using a Brabender
Plasticorder, a batch mixer that is commonly used in the plastics pro-
cessing community. The results of this blending (Fig. 5) were roughly

comparable to those of hand-blending: the sample was found to retain a
percolating network upon dissolution and had high conductivity, thus
indicating that in principle, bulk soldering is viable even using standard
plastics processing equipment.

3. Discussion

Three aspects of the experimental results deserve further discussion:
a comparison of the morphologies against previous research, the be-
havior of the non-spherical flakes, and a comparison of the con-
ductivities found here against those in the previous literature on com-
bining particles and liquid metals in thermoplastic matrices.

As mentioned in the Introduction, this research was strongly influ-
enced by previous studies of the microstructure-composition relation-
ships in analogous oil/water/particle or polymer/polymer/particle
systems [3,5,18]. The system studied here behaves in a qualitatively
similar fashion, at least with changes in the solder:copper ratio. At the
lowest ϱ value studied here, the pendular/funicular morphology (i.e.
two or just a few particles bound by menisci of the wetting fluid) ap-
pears as was also noted previously [3,5,18]. With increasing solder
content, there was adequate solder to fully engulf the particles and form
a combined phase highly filled with copper particles. This combined
phase is expected to have solid-like rheology and hence takes the ap-
pearance of irregular lumps which we previously called capillary ag-
gregates [47,48]. With a further increase in solder, the sizescale of the
combined phase increased sharply as the combined phase starts to be-
have as a “normal” fluid phase capable of rapid coalescence [47,48].
Previously we also noted non-monotonic changes in rheology: the solid-
like behavior of the mixtures peaked at an intermediate value of ϱ
corresponding to a pendular/funicular morphology [36,37]. It is more
difficult to conduct rheometric experiments in the present situation,
however qualitatively, the mixtures show similar rheological trends.
This is illustrated in Fig. S7 where samples with various solder:copper
ratios (all at fixed metal loading) were allowed to melt. It is clear from
those images that the samples with low or high values of ϱ sag under
gravity, whereas =ϱ 0.6 corresponds to a relatively high stiffness for
which the sample does not flow. Indeed, at the highest ϱ value in Fig.
S7, the size of the combined phase is so large that the PS separates from
the metal phase altogether and leaves the sample.

Despite the qualitative similarity of the current system as compared
to the previous liquid/liquid particle mixtures, two differences must be
pointed out. The first is a quantitative difference between the ϱ values at
which various microstructural transitions appear. In our own studies of
immiscible polymer blends with spherical silica particles that are fully-
wetted by one phase [9,37,45], the pendular/funicular morphology
appeared for <ϱ 0.4. Capillary aggregates appeared around =ϱ 0.6. For
ϱ values exceeding 1, the combined phase had a smooth interface in-
dicating that the combined phase was liquid-like. These specific values
of ϱ refer to our own research on immiscible polymer blends with
spherical silica filler, but very similar observations have been made in
oil/water/particle or air/water/particle mixtures [5].

Fig. 5. Conductivity of polymer composites with 20 vol% metal loading at
different ϱ-values. Several sizes and shapes of copper particles were used in
preparing composite samples and tested.

Fig. 6. SEM images of conductive polymer composite with copper flakes, solder and flux at different ϱ-values.
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A glance at Fig. 4 suggests that the same sequence of transitions is
shifted to higher ϱ values in the PS/solder/copper mixtures. For in-
stance, Fig. 4c (with =ϱ 0.6) suggests that capillary aggregates are not
well-developed; instead the largest aggregates still comprise solder
menisci that bind just a few particles. In contrast, at a similar value of ϱ,
well-developed capillary aggregates were noted previously [9,37]. Si-
milarly, Fig. 4e shows irregular lumps indicative of capillary ag-
gregates, whereas this =ϱ 1.5 was previously found to give a smooth
liquid/liquid interface in particle-filled polymer blends indicating that
the combined phase behaved like a liquid [40]. We believe that the
reason for this shift in the composition at which these morphologies
appear is that the copper and solder react with each other. In the pre-
vious studies of polymeric materials or in studies of oil/water/particle
mixtures, the combined phase was simply a physical mixture of the
wetting fluid and the particles. In contrast, in the present case, copper is
known to react with the tin in the solder to form intermetallic com-
pounds Cu3Sn (in the form of thin sheets) and Cu6Sn5 (in the form of
scallop-like structures) [49]. This reaction occurs by diffusion of the
molten tin into copper, and the resulting intermetallic compounds are
responsible for the excellent adhesion of copper and solder. Previous
research suggests that this process can happen rapidly (less than 1min)
[49] and hence may indeed be relevant to our samples.

To test for the possibility of intermetallic formation, we conducted
SEM imaging of the cross-section of the metal phase; in contrast,
Figs. 3,4, and 6 show only the surface of the metallic phase. The sample
with =ϱ 0.6 was chosen for this purpose for convenience of imaging. A
molded disc of the sample was polished to expose the cross section of
the metal, and the corresponding images are shown in Fig. 7. In the
absence of reaction, only three distinct gray levels corresponding to
three distinct compositions would be expected: polystyrene (darkest),
copper, and solder (brightest). Fig. 7 however shows four gray levels,
and based on the expected elemental compositions, we anticipate the
following sequence polystyrene (darkest), copper, tin-rich phase, lead-
rich phase (brightest). To further confirm intermetallic formation, ele-
mental analysis was conducted by energy-dispersive x-ray spectro-
metry, and the corresponding results are shown ESI Fig. S8. These re-
sults clearly show that in the region immediately adjacent to the copper
particles where grayscale is intermediate between the particles and the
meniscus, there is nearly equal copper and tin, but no lead. Moreover,
the region far away from the copper particles (brightest grayscale) is
depleted in tin as compared to the original solder composition. Both
these strongly support the formation of copper-tin intermetallic com-
pounds. The immediate implication is that after some mixing time, a
portion of the wetting fluid (tin) turns into a solid intermetallic, thus
reducing solder:copper ratio ϱ below its value at the beginning of the
mixing process. This reaction can explain, at least qualitatively, why the
microstructural transitions occur at higher ϱ value as compared to
analogous non-reacting systems.

It is also noteworthy that a cocontinuous structure of the type

shown in Fig. S1c has not been identified in our research. This structure
consists of two phases (one with particles and one without), both of
which are continuous. Unlike in Fig. S1b, in Fig. S1c, the particle-
containing phase is relatively dilute in particles so that it has liquid-like
rheology, and hence the interface is smooth. Although we have not seen
such a smooth-interface morphology yet, it is possible that higher ϱ
values and higher total metal loadings may yield such a structure.
Indeed such a morphology was seen by Mrozek et al [31], albeit at
metal loadings exceeding 50 vol%.

The second difference is the observation that the conductivity of the
samples based on copper flakes is not significantly different from that of
spherical particles. It is generally accepted that conductive fillers with
high aspect ratios are beneficial because they tend to percolate at lower
filler loadings. This is the reason why fillers such as carbon nanotubes,
carbon nanofibers, graphene, or stainless steel fibers have attracted
attention for conductive polymer composites. Yet, in the present case,
only the large copper flakes gave a significantly higher conductivity
than the corresponding spherical particles at the same composition. We
speculate that there are two reasons for this. The first is that the large
surface area of flakes require more solder to wet completely. Thus, at a
given ϱ value, the solder loading may be adequate to cover the spherical
particles completely, but not adequate to cover flakes of small size. The
same may be true for flux as well: the amount of flux may be in-
sufficient to fully clean the flakes. The second possibility is that capil-
lary menisci are highly effective with flat particles, i.e. if two flat par-
ticles interact side by side, then, they will bond strongly with a
meniscus. Not only is the corresponding solder “lost” (since it cannot
participate in forming a network), but furthermore, the two flat parti-
cles now behave effectively like a single thicker particle. These spec-
ulations suggest that by adjusting the ϱ value, flakes may prove to be
more effective at building a network. A further excellent discussion of
the effect of particle shapes can be found in Maurath et al [50].

Third, the question underlying this research was whether, with a
systematic study of compositional effects, a range of compositions may
be identified that give high conductivity even modest metal loading.
Detailed comparisons against published data are difficult because of
differences in metal loading and in particle shape. The most suitable
comparisons are against the two papers [31,32] that used roughly
spherical particles along with liquid metal. Mrozek et al. [31] reported
a conductivity of 10 S/m at 30 vol% metal loading. Mrozek et al also
reported far higher conductivity exceeding 104 S/m, but at a total metal
loading of 50% or higher at which the metal and the polymer were both
continuous. A second comparison may be made against Zou et al. [32]
who reported a far higher conductivity, roughly ×2.5 106 S/m at a total
metal loading of 54%. Our own values from Figs. 4 and 5, are typically
several hundred S m/ , much higher than reported by Mrozek et al [31]
at a comparable loading, but much lower than of Zou et al [32], who
had a much higher metal loading.

Moving beyond spherical particles, three further articles are worth

Fig. 7. SEM images of the polished cross sections of the composites. Note the gray region adjacent to the particles which indicates formation of an intermetallic
compound.

D. Amoabeng, S.S. Velankar Colloids and Surfaces A 553 (2018) 624–632

630



mentioning although they are not comparable to our current research
since they use highly non-spherical particles. Michaeli et al. [33] and
Wu et al. [27] both used long copper fibers bonded together by low-
melting metal. Wu et al. report a conductivity exceeding S m10 /3 at 10%
metal loading. Michaeli et al. report a conductivity of ∼1 S/m at 20%
metal loading, but it rose rapidly and exceeded S m10 /5 at 40% metal
loading. Finally, Yang et al [34]. used dendritic copper particles in
conjunction with tin. The highest conductivities reported were about

× S m4 10 /5 at 40 vol% metal loading although this required many
hours of annealing.

It is noteworthy that the conductivity of eutectic tin-lead solder is
roughly × S m7 10 /6 . Almost all of the reported values in the previous
two paragraphs are far lower, even though many of these articles show
that the metal forms a continuous phase. An exemplary case is from
Mrozek et al. [31], who clearly show a continuous metal phase at 60%
metal, yet report a conductivity that is almost 100-fold lower than the
corresponding solder. The reason why so many researchers find a sur-
prisingly low conductivity, even when the metal phase is continuous,
remains unclear. The sole exception is Zou et al. [32] which is a far
outlier: their reported conductivity of × S m2.5 10 /6 is only 3-fold lower
of pure solder. Even more surprising, the same article reported that
copper-in-polymer (without any liquid metal) had roughly the same
conductivity – an unprecedented value for metal-filled plastics. Finally,
they also reported that bonding copper together with solder lowered the
conductivity which is surprising considering that there was excellent
morphological evidence of 3D network formation.

Finally we emphasize that, in common with other liquid/liquid/
particle mixtures, mixing method may play a role in structure devel-
opment. For instance, limited experiments early during this research
showed that pre-dispersing the solder into the PS and then adding the
copper particles during blending gave a highly heterogeneous structure
because the solder had coalesced into large drops even before the
copper was added. This is similar to our observation that in oil/water
systems [48] or in polymer systems [47], if one starts with a droplet-
matrix system and adds particles that are wetted by the drops, capillary
aggregates from readily. Thus, other mixing protocols or the use of
higher rate mixing equipment, may improve or worsen the con-
ductivity.

4. Concluding remarks

In summary, we have developed conductive thermoplastic polymer
composites based on blends of polystyrene, molten solder, and copper
particles. The essential idea, which is inspired by analogous research on
other liquid/fluid/particle systems, is to bind together copper particles
using menisci of the solder, thus creating an all-metallic percolating
network with high conductivity. Since such binding of the copper
particles using solder is achieved by simply blending under molten
conditions, this approach is dubbed “bulk soldering”.

We examine the effect of composition on the microstructure and
conductivity, and show that even at a total metal loading of 20 vol%, it
is possible to create an all-metal scaffold that percolates throughout the
sample. Moreover, the solder:metal volume ratio is a critical parameter
determining the microstructure and conductivity of the composites.
Specifically, if this ratio is small (e.g. 0.2), the copper particles ag-
gregate due to the solder, but do not percolate. If the ratio is large, e.g.
exceeding 1, the solder engulfs the metal particles and forms a com-
bined copper-in-solder phase that is too liquid-like to remain perco-
lating. The changes in microstructure with ternary composition broadly
resemble that of other liquid/fluid/particle mixtures, although at least
some of the structural transitions require a higher ratio of solder:copper
than expected from previous research. While most of the results of this
paper were realized with samples prepared by hand-blending, a single
test using standard plastics processing equipment shows similar results.

Finally, our results show the critical role of flux in realizing high
electrical conductivity. Copper particles generally have an oxide layer,

and it is only after this oxide layer is removed that the solder can ef-
fectively wet the particles and achieve bulk soldering.

Acknowledgements

We are grateful to the National Science Foundation for financial
support (grant nos. NSF- CBET 1336311 and NSF- CMMI 1435461). We
are grateful to Mr. Brian Young and Mr. Dalton Scott from Penn State
University, The Behrend Campus. Erie, for assistance with preparing a
ternary PS/solder/copper mixture using a Brabender batch mixer. We
also thank Dr. Wei Xiong and Mr. Xin Wang for assistance with pol-
ishing the sample of Fig. 7. The ternary diagram in the figures were
drawn using a publicly available template prepared by David Graham
and Nicholas Midgley [51]. We are grateful to the reviewers of this
manuscript for suggesting experiments to validate the reaction between
the copper and the solder, and to quantify the amount of flux that re-
mains within the sample.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.colsurfa.2018.06.013.

References

[1] M.M. Kohonen, D. Geromichalos, M. Scheel, C. Schier, S. Herminghaus, On capillary
bridges in wet granular materials, Phys. A: Stat. Mech. Appl. 339 (1) (2004) 7–15.

[2] S.S. Lawrence, P. Walia, J. Willett, Starch‐filled ternary polymer composites. I:
dynamic mechanical properties, Polym. Eng. Sci. 43 (6) (2003) 1250–1260.

[3] E. Koos, Capillary suspensions: particle networks formed through the capillary
force, Curr. Opin. Colloid Interface Sci. 19 (6) (2014) 575–584.

[4] A. Sirianni, C. Capes, J. Puddington, Recent experience with the spherical ag-
glomeration process, Can. J. Chem. Eng. 47 (2) (1969) 166–170.

[5] S.S. Velankar, A non-equilibrium state diagram for liquid/fluid/particle mixtures,
Soft Matter 11 (43) (2015) 8393–8403.

[6] Y. Chevalier, M.-A. Bolzinger, Emulsions stabilized with solid nanoparticles:
Pickering emulsions, Colloids Surf. A: Physicochem. Eng. Aspects 439 (Supplement
C) (2013) 23–34.

[7] B.P. Binks, T.S. Horozov, Colloidal Particles at Liquid Interfaces, Cambridge
University Press, 2006.

[8] D. Hornbaker, R. Albert, I. Albert, A.-L. Barabási, P. Schiffer, What keeps sand-
castles standing? Nature 387 (6635) (1997) 765.

[9] D. Amoabeng, D. Roell, K.M. Clouse, B.A. Young, S.S. Velankar, A composition-
morphology map for particle-filled blends of immiscible thermoplastic polymers,
Polymer 119 (2017) 212–223.

[10] T.S. Horozov, Foams and foam films stabilised by solid particles, Curr. Opin. Colloid
Interface Sci. 13 (3) (2008) 134–140.

[11] R. Murakami, A. Bismarck, Particle-stabilized materials: dry oils and (polymerized)
non‐aqueous foams, Adv. Funct. Mater. 20 (5) (2010) 732–737.

[12] J. Lobos, S. Iasella, M.A. Rodriguez-Perez, S.S. Velankar, Improving the stability of
polylactic acid foams by interfacially adsorbed particles, Polym. Eng. Sci. 56 (1)
(2016) 9–17.

[13] E. Herzig, K. White, A. Schofield, W. Poon, P. Clegg, Bicontinuous emulsions sta-
bilized solely by colloidal particles, Nat. Mater. 6 (12) (2007) 966–971.

[14] J. Dittmann, J. Maurath, B. Bitsch, N. Willenbacher, Highly porous materials with
unique mechanical properties from smart capillary suspensions, Adv. Mater. 28 (8)
(2016) 1689–1696.

[15] M.N. Lee, A. Mohraz, Bicontinuous macroporous materials from bijel templates,
Adv. Mater. 22 (43) (2010) 4836–4841.

[16] U.T. Gonzenbach, A.R. Studart, E. Tervoort, L.J. Gauckler, Macroporous ceramics
from particle‐stabilized wet foams, J. Am. Ceram. Soc. 90 (1) (2007) 16–22.

[17] A. Dinsmore, M.F. Hsu, M. Nikolaides, M. Marquez, A. Bausch, D. Weitz,
Colloidosomes: selectively permeable capsules composed of colloidal particles,
Science 298 (5595) (2002) 1006–1009.

[18] A. Mohraz, Interfacial routes to colloidal gelation, Curr. Opin. Colloid Interface Sci.
25 (2016) 89–97.

[19] E. Koos, N. Willenbacher, Capillary forces in suspension rheology, Science 331
(6019) (2011) 897–900.

[20] W. Bauhofer, J.Z. Kovacs, A review and analysis of electrical percolation in carbon
nanotube polymer composites, Compos. Sci. Technol. 69 (10) (2009) 1486–1498.

[21] S.K. Bhattacharya, A.C.D. Chaklader, Review on metal-filled plastics .1. Electrical-
conductivity, Polym.-Plast. Technol. Eng. 19 (1) (1982) 21–51.

[22] N.A.M. Radzuan, A.B. Sulong, J. Sahari, A review of electrical conductivity models
for conductive polymer composite, Int. J. Hydrogen Energy 42 (14) (2017)
9262–9273.

[23] Y. Mamunya, A. Boudenne, N. Lebovka, L. Ibos, Y. Candau, M. Lisunova, Electrical
and thermophysical behaviour of PVC-MWCNT nanocomposites, Compos. Sci.
Technol. 68 (9) (2008) 1981–1988.

D. Amoabeng, S.S. Velankar Colloids and Surfaces A 553 (2018) 624–632

631

https://doi.org/10.1016/j.colsurfa.2018.06.013
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0005
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0005
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0010
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0010
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0015
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0015
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0020
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0020
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0025
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0025
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0030
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0030
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0030
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0035
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0035
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0040
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0040
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0045
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0045
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0045
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0050
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0050
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0055
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0055
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0060
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0060
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0060
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0065
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0065
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0070
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0070
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0070
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0075
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0075
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0080
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0080
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0085
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0085
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0085
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0090
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0090
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0095
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0095
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0100
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0100
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0105
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0105
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0110
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0110
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0110
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0115
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0115
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0115


[24] M. Arjmand, M. Mahmoodi, G.A. Gelves, S. Park, U. Sundararaj, Electrical and
electromagnetic interference shielding properties of flow-induced oriented carbon
nanotubes in polycarbonate, Carbon 49 (11) (2011) 3430–3440.

[25] K.-H. Liao, Y. Qian, C.W. Macosko, Ultralow percolation graphene/polyurethane
acrylate nanocomposites, Polymer 53 (17) (2012) 3756–3761.

[26] D.M. Bigg, Mechanical, thermal, and electrical properties of metal fiber‐filled
polymer composites, Polym. Eng. Sci. 19 (16) (1979) 1188–1192.

[27] G. Wu, B. Li, J. Song, Enhancing the electrical and thermal stability of metallic
fiber-filled polymer composites by adding tin–lead alloy, Polym. Bull. 67 (6) (2011)
1105–1110.

[28] E.K. Sichel, P. Sheng, J.I. Gittleman, S. Bozowski, Observation of fluctuation
modulation of tunnel junctions by applied ac stress in carbon polyvinylchloride
composites, Phys. Rev. B 24 (10) (1981) 6131.

[29] I. Balberg, Tunneling and nonuniversal conductivity in composite-materials, Phys.
Rev. Lett. 59 (12) (1987) 1305–1308.

[30] D. Amoabeng, S.S. Velankar, A review of conductive polymer composites filled with
low melting point metal alloys, Polym. Eng. Sci. (2017) Accepted.

[31] R.A. Mrozek, P.J. Cole, L.A. Mondy, R.R. Rao, L.F. Bieg, J.L. Lenhart, Highly con-
ductive, melt processable polymer composites based on nickel and low melting
eutectic metal, Polymer 51 (14) (2010) 2954–2958.

[32] M. Zou, J. He, Y. Lei, F. Zhang, Q. Zhao, T. Liu, H. Ma, Y. Yi, Effect of the eutectic
Sn-Cu alloy-to-Cu content ratio on the structure and properties of conductive
polyamide-66 composites, Compos. Sci. Technol. 133 (2016) 200–207.

[33] W. Michaeli, T.G. Pfefferkorn, Electrically conductive thermoplastic/metal hybrid
materials for direct manufacturing of electronic components, Polym. Eng. Sci. 49
(8) (2009) 1511–1524.

[34] Q. Yang, M.H. Beers, V. Mehta, T. Gao, D. Parkinson, Effect of thermal annealing on
the electrical conductivity of copper–tin polymer composites, ACS Appl. Mater.
Interfaces 9 (1) (2016) 958–964.

[35] H. Sun, X. Zhang, M.M. Yuen, Enhanced conductivity induced by attractive capil-
lary force in ternary conductive adhesive, Compos. Sci. Technol. 137 (2016)
109–117.

[36] J. Yang, S.S. Velankar, Preparation and yielding behavior of pendular network
suspensions, J. Rheol. 61 (2) (2017) 217–228.

[37] T. Domenech, S.S. Velankar, On the rheology of pendular gels and morphological
developments in paste-like ternary systems based on capillary attraction, Soft

Matter 11 (8) (2015) 1500–1516.
[38] J. Dittmann, E. Koos, N. Willenbacher, Ceramic capillary suspensions: novel pro-

cessing route for macroporous ceramic materials, J. Am. Ceram. Soc. 96 (2) (2013)
391–397.

[39] F. Bossler, E. Koos, Structure of particle networks in capillary suspensions with
wetting and nonwetting fluids, Langmuir 32 (6) (2016) 1489–1501.

[40] T. Domenech, J. Yang, S. Heidlebaugh, S.S. Velankar, Three distinct open-pore
morphologies from a single particle-filled polymer blend, Phys. Chem. Chem. Phys.
18 (6) (2016) 4310–4315.

[41] M.L. Minges, Flux, Electronic Materials Handbook: Packaging, ASM International,
1989 Chapter.

[42] J.H. Lau, Solder Joint Reliability: Theory and Applications, Springer Science &
Business Media, 1991.

[43] G. Humpston, D.M. Jacobson, Principles of Soldering, ASM international, 2004.
[44] Bekaert-Company, http://www.bekaert.com/en/products/basic-materials/mate-

rials-plastic/beki-shield-stainless-steel-fibers-for-conductive-plastics. Accessed May
2017.

[45] T. Domenech, S.S. Velankar, Microstructure, phase inversion and yielding in im-
miscible polymer blends with selectively wetting silica particles, J. Rheol. 61 (2)
(2017) 363–377.

[46] RTP-Company, https://www.rtpcompany.com/products/conductive/typical-con-
ductive-additives/. (Accessed November 2017.

[47] T. Domenech, S. Velankar, Capillary-driven percolating networks in ternary blends
of immiscible polymers and silica particles, Rheol. Acta 53 (8) (2014) 593–605.

[48] S.J. Heidlebaugh, T. Domenech, S.V. Iasella, S.S. Velankar, Aggregation and se-
paration in ternary particle/oil/water systems with fully wettable particles,
Langmuir 30 (1) (2014) 63–74.

[49] H. Kim, K. Tu, Kinetic analysis of the soldering reaction between eutectic SnPb alloy
and Cu accompanied by ripening, Phys. Rev. B 53 (23) (1996) 16027.

[50] J. Maurath, B. Bitsch, Y. Schwegler, N. Willenbacher, Influence of particle shape on
the rheological behavior of three-phase non-brownian suspensions, Colloids Surf. A:
Physicochem. Eng. Aspects 497 (2016) 316–326.

[51] D.J. Graham, N.G. Midgley, Graphical representation of particle shape using tri-
angular diagrams: an excel spreadsheet method, Earth Surf. Processes Landforms 25
(13) (2000) 1473–1477.

D. Amoabeng, S.S. Velankar Colloids and Surfaces A 553 (2018) 624–632

632

http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0120
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0120
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0120
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0125
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0125
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0130
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0130
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0135
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0135
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0135
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0140
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0140
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0140
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0145
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0145
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0150
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0150
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0155
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0155
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0155
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0160
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0160
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0160
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0165
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0165
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0165
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0170
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0170
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0170
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0175
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0175
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0175
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0180
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0180
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0185
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0185
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0185
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0190
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0190
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0190
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0195
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0195
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0200
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0200
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0200
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0205
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0205
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0210
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0210
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0215
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0225
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0225
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0225
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0235
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0235
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0240
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0240
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0240
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0245
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0245
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0250
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0250
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0250
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0255
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0255
http://refhub.elsevier.com/S0927-7757(18)30490-4/sbref0255

	Bulk soldering: Conductive polymer composites filled with copper particles and solder
	Introduction
	Results
	Critical role of flux
	Bulk soldering of copper particles
	Effect of solder:copper particles ratio on composite
	Shape and mixing effects

	Discussion
	Concluding remarks
	Acknowledgements
	Supplementary data
	References




