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a b s t r a c t

Materials with advanced conductive properties are in high demand to fulfill the requirements of energy
transport in many fields. Here, we present a simple, efficient yet low cost method to produce highly
conductive polymer based composites at low filler concentration of 10 vol%. A particle-wetting fluid as
a secondary fluid is introduced to bridge plate-shape silver particles within an epoxy base. The elec-
trical and thermal conductivity dependence on network structure in ternary silver adhesive presenting
strong capillary attraction was first reported. Both electrical and thermal conductivities are greatly
enhanced by introducing the secondary fluid at a low particle volume fraction of 10%. A non-monotonic
dependence of the conductivities on secondary fluid content was observed. The maximum electrical
and thermal conductivities correspond to the formation of full pendular network and funicular
network, respectively. Gradually increasing the secondary fluid content leads to a microstructure
evolution from highly dispersed particles, weak gel network, full pendular network, funicular network
and ultimately to compact capillary aggregates network. Such structural transition appears to result
from a pendular bridge formation and bridges coalescence. Face-face configuration of plate-shaped
silver particles was observed in the pendular state. Taking account of the highly non-spherical shape
of silver flake, a bridging gelation model is proposed to explain the underlying mechanism of micro-
structure transition.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The development of highly conductive materials has received
much attention in electronic packaging due to an increasing de-
mand for high power electronics [1,2]. Conductive particle filled
polymer is the most widely used thermal interface material (TIM)
because of its low cost, ease of assembly, and re-workability [3,4].
The electrical and thermal performances are significantly influ-
enced by the formation of a particle conductive network, which has
been verified by the theoretical model of percolation theory [1,5].
However, in order to achieve a percolative network, a sufficiently
high filler loading is required. Commercial silver epoxy as
conductive adhesive contains over 20 vol% of silver particles.
Table S1 lists state of the art commercial silver epoxy pastes. Thus,
t.hk (H. Sun), meymf@ust.hk
reducing filler concentration while maintaining the same level of
conductivity is one of the challenging issues for polymer
composites.

Referring to the colloidal system, the bulk conductivity
enhancement is linked to the formation of a colloidal gel but
weakly dependent on filler volume fraction [6,7]. The three
dimensional gel networks serve as conducting pathways for elec-
trons and phonons. This inspires the idea to improve the system
conductivity by the approach of colloidal gelation at low filler
loading.

There is an understanding that gelation could be controlled by
tuning the inter-particle attraction even at an extremely low vol-
ume fraction [8]. According to the attraction-density (U-F) state
diagram [9], for low and moderate particle densities, strength of
interaction potential plays a dominant role in forming either open
clusters or compact aggregation. With gradually increasing the
inter-particle attraction, particles grow into transient clusters, a
percolative network and a stress-bearing gel network [10]. Mean-
while, morphology of the suspension transits from a fluid-like state
to a solid-like state [11].
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Recently, a capillary force supplied by liquid bridges was re-
ported to create particle network in a colloidal suspension, termed
capillary suspension [12]. Depending on the three phase contact
angle of secondary fluid on solid within the bulk phase, two types
of capillary suspension could be classified. If the contact angle is
smaller than 90�, implying that secondary phase wets particle
better, pendular bridges form between neighboring particles.
Otherwise, if the contact angle is larger than 90�, the particles form
clusters around small volumes of the secondary droplets. This is
termed as capillary state. The formation of gel network is attributed
to the capillary attraction arising from the interfacial free energy
reduction in capillary state [13] or negative curvature formation in
pendular state [14]. It is believed that capillary interaction is much
stronger than the thermal energy governing particle motion [15].
Besides, the strength of capillary attraction shows its controllability
in many aspects: by adjusting the secondary fluid content [16],
tuning interfacial tension [17], changing colloid size [17] as well as
varying mixing process [14]. It is demonstrated to be a convenient
yet effectiveway to tune composite properties without complicated
procedures and intricate instruments [18].

Note that Koo et al. [19] reported the effect of capillary
attraction on electrical conductivity of silver paste by adding a
secondary fluid, flow behavior are adjusted and electrical con-
ductivity is improved by two times. In their report, they adopt
spherical silver particles with high loading of 29 vol% and a less
preferentially wetted secondary fluid to create the capillary sus-
pension in a capillary state. Secondary fluid needs to be evapo-
rated entirely without collapsing the capillary network. It has
been demonstrated that pendular bridges lead to stronger net-
works than the capillary state [20]. Furthermore plate-shaped
particles are reported to yield higher network strength than
that of spherical particles [21]. Here, we explore the possibility of
building a three-dimensional conductive network by creating
capillary suspension in the pendular state with anisotropic silver
flakes. We aim to reduce the silver consumption to a lower level
of 10 vol% while improving the electrical and thermal
conductivities.

The electrical and thermal conductivity dependence on network
structure in ternary silver adhesive presenting strong capillary
attraction is reported. We examine the structural evolution of
ternary blend composition with a secondary wetting liquid loading
gradually increased. More specifically, we focus on identifying the
microstructure evolution transiting through the maximum elec-
trical and thermal conductivities. In this study, anisotropic silver
flakes as fillers and a commercial epoxy as the polymer matrix are
employed due to their wide usage as conductive adhesives. A type
of ionic liquid (IL) is selected as the secondary fluid which was
previously reported [22]. After inducing the aggregation, the IL was
cured together with the polymer matrix in the subsequent curing
procedure [22]. This in-situ curing of secondary fluid preserves the
particle network within the polymer matrix while maintaining the
adhesion of the composites.

Morphological observations of capillary induced aggregation
were performed using Scanning Electron Microscopy (SEM) and
Transmission Electron Microscopy (TEM). We establish a micro-
structural basis for the electrical and thermal conductivity
enhancement. The rheological properties were examined at room
temperature using a parallel plate rheometer. Network structure
transition was tracked by the composite elasticity, which was
extracted within the linear viscoelastic region through dynamic
amplitude sweep. The strength of the network featuring a yielding
behavior was also characterized by stress ramp. Finally, a bridging
gelation model is put forward to show the underlying mechanism
of network building by incorporating the effect of anisotropic
particle shape.
2. Experimental section

2.1. Materials

High purity silver flakes (99.95%, SF-01C) were obtained from
Changcheng Co., Sichuan, China and used as received without any
further treatment. The morphology is shown in Fig. S1. The average
flake size was 1.12 mm as stated on the datasheet. The thickness of
flakes was around 0.05 mm, estimated from the SEM picture
(Fig. S1). A widely used liquid epoxy resin based on bisphenol A
(D.E.R 331) was supplied by the DOW Chemical Co. An anhydride
type hardener (Hexahydro-4-methylphthalic anhydride, mixture of
cis and trans, 96%), epoxy curing catalyst (2-Ethyl-4-
methylimidazole) and the ionic liquid (1-Butyl-3-methyl-
imidazolium iodide, 99%) as the secondary wetting phase were
purchased from Sigma-Aldrich. The mass densities are 1.16 g/ml
and 1.49 g/ml for epoxy resin/hardener mixer and IL, respectively.

2.2. Sample preparation

The silver adhesive was prepared using a planetary type mixer
(AR-250; Thinky Corp., Tokyo, Japan), which is designed for particle
dispersion and air bubble removal. First, the polymer matrix was
prepared by mixing the epoxy resin and hardener in a mole ratio of
1:1 based on the epoxide equivalent weight (EEW) of the epoxy
resin and the hydroxyl equivalent weight (HEW) of the hardener.
Second, silver flakes with a volume fraction of 10% were incorpo-
rated in the polymer matrix for 8 min mixing at the simultaneous
rotation and revolution speeds of 800 rounds per minute (rpm) and
2000 rounds per minute (rpm). Third, the curing catalyst of 0.5wt%
to the polymer mixture was added into the suspension and mixed
for 1 min at the same mixing intensity. For the ternary adhesive
with secondary fluid, IL was added at the final step. The blends
were rotated at 600 rpm, and were revolved at 1500 rpm, simul-
taneously for 10 s. The mixing intensity was carefully chosen to
avoid breaking the particle network. The amount of secondary fluid
in the ternary adhesives was quantified by a parameter r which is
defined as the volume fraction ratio between the secondary liquid
and silver flakes, essentially evaluating the coverage of secondary
fluid on one single particle. Thus,

r ¼ VIL

VAg
(1)

where VIL is the volume fraction of the secondary fluid and VAg is the
volume fraction of the silver flakes. A series of polymer composites
were prepared with varying r of 0, 0.018, 0.03, 0.048, 0.067, 0.072,
0.095 and 0.119.

2.3. Three phase wetting angle measurement

The static three phase wetting angle q of silver-IL-polymer was
determined by a modified sessile drop method referred to as the
Jung et al. method [23]. The configuration of measurement is
shown in Fig. S2. Silver film was deposited on a clean silicon wafer
by an e-beam evaporation system (Peva-600EI). The thickness and
roughness of the silver film was 195.6 ± 14.5 nm and 3.4 ± 1.5 nm,
characterized by a surface profile meter (Tencor P-10 Surface Pro-
filer) and optical 3D profile meter (Bruker NPFLEX 3D Surface
Metrology), respectively. The deposited silver film was first placed
at the bottom of a glass box filled with the epoxy/hardener mixture.
An IL droplet was gently squeezed out from a needle with a
diameter of 0.4 mm at the interface between the polymer and the
air. The droplet slowly settled down as its shape deformed into an
ellipse. An image of the droplet shape was captured after it reached
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Fig. 1. Electrical and thermal conductivities dependence on the secondary fluid con-
tent r for silver adhesives with filler volume fraction of 10%. Error bars represent
standard deviation from three independent tests.
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equilibrium and remained unchangeable, by a digital camera built-
in Digidrop contact angle meter. Images obtained were fitted for
the three phase wetting angle using SolidWorks, as shown in
Fig. S3a. The measurements were conducted five times (Fig. S3b)
and the wetting angle was determined to be 45.1 ± 4.0� (listed in
Table S2). Since the angle is smaller than 90�, the secondary fluid
preferentially wet the particle in the ternary system.

2.4. Fluid-fluid interfacial tension measurement

The measurement of the interfacial tension between the IL and
epoxy/hardener mixture was performed using a Spinning Drop
Tensiometer (Krüss, SITE 100). The capillary tube was filled with IL
as a continuous phase and the polymer droplet was injected into
the continuous phase by a long needle. The diameter of the polymer
droplet was elongated with centrifugal force correlated with the
interfacial tension. The rotation speed varied from 3000 rpm to
9000 rpm. The fitted interfacial tension value started to become
constant from 7000 rpm and was determined to be 0.08 mN/m.

2.5. Electrical and thermal conductivity characterization

The four-point electrical conductivity measurement was con-
ducted on a 4156C Precision Semiconductor Parameter Analyzer
equipped with a four-probe station. The four in-line probes were
evenly separated with a distance of 20 mm. Two adhesive tape
strips were placed on a glass slide to control the sample configu-
ration. Silver adhesive was screened onto the glass slide using a
doctor blade. A silver adhesive strip was left to be cured at 150 �C
for 1 h after removing the tapes. No polishing of the sample surface
was made before the conductivity measurement. Electrical resis-
tance of the sample strip was measured using four point probes
with sharp probing tips to ensure piercing into the cured sample
strip. Each sample strip was tested three times with each mea-
surement taken at different location on the strip. The accurate cross
section area was determined by the aforementioned surface profile
meter. The electrical conductivity was calculated by Ohm's law.
Thermal conductivity measurement was conducted using transient
laser flash on an AnterFlashline 3000 thermal diffusivity mea-
surement system. The disk shaped samples, 1 mm thick and
12.7 mm in diameter, were cured at 150 �C for 3 h. The density of
the cured samples was determined by the Archimedes' method
[24].

2.6. Rheological characterization

Rheological tests were carried out using a 25 mm parallel-plate
at a gap of 1 mm on a stress-controlled rheometer (MCR 702
TwinDrive, Anton Paar). The ternary silver adhesives were prepared
without a curing catalyst to avoid the curing effect. To create the
binary adhesive, silver flakes with a volume fraction of 10% were
dispersed in epoxy and hardenermixture using a dissolver stirrer at
800 rpm for 8 min. For the ternary adhesive, the secondary fluid
was added to the silver suspension by dissolver mixing at 300 rpm
for 40 s followed by a hand premixing. An oscillatory time sweep, of
up to 10000 s, was performed for the ternary samples. The results
are presented in Fig. S4. No significant change of moduli was
observed, eliminating any aging effects during the rheology tests.
An oscillatory strain sweeps were examined by imposing an oscil-
latory strain from 0.01% to 100% at the frequency of 10 rad/s. Dy-
namic frequency sweeps were performed from 0.01 rad/s to
100 rad/s within the linear viscoelastic region determined in the
above dynamic strain sweep. Finally, the stress ramps were carried
out to measure the yielding stress (sy) which is defined at the point
where strain sharply increases [13]. The values were determined by
a tangent method [25] and the stress ramps were repeated 3 times
for each adhesive. All measurements were made at 20 �C.

2.7. Microstructures observation

Themorphology of the particle dispersion and aggregationwere
observed under a scanning electron microscope (JEOL JSM-6390).
Images of particle interconnection within cured ternary adhesive
were taken on a transmission electron microscope (JOEL JEM-
100CX).

3. Results and discussion

3.1. Effect of secondary fluid contents on conductive performance

Binary and ternary silver epoxy adhesives were cured for elec-
trical and thermal conductivity characterization. The amount of
secondary fluid r was varied between 0.0 and 0.119. The evolution
of conductivities is shown in Fig. 1. It is obvious that the both
electrical and thermal conductivities are very sensitive to the
addition of IL. The binary adhesive is completely insulating with the
conductivity of 10�6 S/cm. As r increases to 0.03, the electrical
conductivity is enhanced to be 103 S/cm, transforming the polymer
composite from an insulating state to an electrically conductive
state. Meanwhile, the thermal conductivity is enhanced by a factor
of 6 at r¼ 0.048, compared to the binary composite. Noticeably, the
conductivity dependence on r is not linear but exhibits optimum
values. The maximum electrical and thermal conductivity occurred
at the content of 0.03 and 0.048, respectively. As r exceeds 0.03 and
0.048, further addition of secondary fluid degrades the respective
conductivity.

3.2. Effect of secondary fluid contents on microstructure
morphology

Conductivities of adhesives are dependent on the particle
network structure. To study the non-monotonic dependence of
conductivity on the amount of secondary fluid, the corresponding
SEM images were taken to review the morphology evolution of the
internal microstructure of the ternary composite with different
secondary fluid contents, as shown in Fig. 2. A striking morphology
transition was observed. For the IL-free sample, silver flakes were
randomly distributed in the polymer matrix, shown in Fig. 2a.
Adding secondary fluid is believed to give rise to particle



Fig. 2. SEM of Ag-epoxy with different secondary fluid contents r added: (a) 0, (b) 0.018, (c) 0.03, (d) 0.048, (e) 0.067, (f) 0.072, (g) 0.096, (h) 0.119. The scale bar shown in (a) is valid
for all images.
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aggregations. A heterogeneous network is formed providing path-
ways for electrical and thermal conductivity. Compared with the
binary adhesive in Fig. 2a, the morphology change is very limited in
the sample with r ¼ 0.018 (Fig. 2b). However, the sample is already
electrically conductive under this circumstance, indicating the ex-
istence of a percolative network. As r increases to 0.03, the figure
shows the likely formation of a well-connected three dimensional
network (Fig. 2c). This system-spanning network results from the
interconnection of clusters in which silver flakes are possibly con-
nected via the formation of IL pendular bridges. The heterogeneous
network accounts for the maximum electrical conductivity as the
network formed by the silver flakes forming an optimal set of
electrical conduction pathways. When r is further increased to
0.048 where maximum thermal conductivity is achieved, more
densely packed structures could be observed (Fig. 2d). This likely
arises from the supersaturation of the pendular bridges. Neigh-
boring bridges merge together forming funicular structures re-
ported in capillary suspension [16,20] as well as in wet granular
materials [26]. Neighboring particles in a funicular state are more
intimate than those in a pendular state.

The divergent peak of electrical and thermal conductivities
arises from their intrinsic conductive nature. It is well known that
electrons can be transmitted across metal particles when the dis-
tance between them is less than the electron tunneling distance,



Fig. 4. Plateau storage modulus G0
p in a logarithmic scale extracted from LEVR of

amplitude and frequency sweeps. Error bars represent standard deviation of G0
p

extracted from amplitude and frequency sweeps. G0
p was linearly fitted by a red

dashed line and a blue dashed line. Red and blue triangles represent the slops of the
apparent fittings in two regimes, respectively. Turning point occurs at r ¼ 0.039 shown
in the figure. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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which is normally several nanometers [27]. Electrons can jump
from one particle to another without direct contact. Heat conduc-
tion depends primarily on phonon transport with electon transport
being a minor component. Phonon transport requires more inti-
mate physical contact of particles [28]. As the conductive pathways
are formed by capillary bridges, electrical conductivity is first
attained with the possible formation of a heterogeneous bridge
networkwith silver flakes in the branches having gaps less than the
electron tunneling distance threshold. With increase of IL to
r ¼ 0.048, more compact funicular bridges are formed with direct
contact between silver flakes leading to improved thermal con-
ductivity. The anisotropic geometry of the silver flakes also helps
enhance the contact area with particles facilitating the conductiv-
ity. Compacting of the bridges would reduce the number of con-
necting pathways and this reduces the electrical conductivity. Thus,
funicular structure is beneficial to the thermal conductivity but
detrimental to the electrical conductivity.

Further addition of secondary fluid beyond r ¼ 0.048 results in
decrease of both electrical and thermal conductivity because of the
formation of compact aggregates, as observed in Fig. 2eeh with r

varying from 0.067 to 0.119. This is consistent with the results
observed in the capillary aggregates network formation among
spherical particles [16]. The aggregates formation likely arises from
the expansion of the secondary droplet size [16], which is sup-
ported by confocal microscope images reported by Koos et al. [20]
as well as optical microscope images inwet granular materials [29].
The ionic liquid we used contains a very unique iodide, which al-
lows us to elementmapping to track the position of secondary fluid.
SEM-EDS analysis in Fig. S5 shows that the distribution of iodine
element covers the silver aggregation, indicating that silver parti-
cles are immersed in the IL droplet.

To further confirm structural transition and characterize the gel
network formation, flowing and rheological properties are
examined.
3.3. Effect of secondary fluid contents on rheology

Adding secondary fluid dramatically changes the flow of sus-
pensions due to the presence of particle clustering and network
[12,30]. Like most capillary driven systems, a striking liquid to solid
transition was observed in our system, as shown in Fig. 3. Binary
adhesive is a typical semi-dilute suspension. Comparatively, the
sample with r ¼ 0.018 shows an increased viscosity, but could still
spread on the substrate. The absence of free flow starts at r ¼ 0.03,
exhibiting a paste-like morphology. At r ¼ 0.048, the ternary ad-
hesive turns to be semi-solid with apparent slurry morphology.
With further increasing r, this morphology change becomes more
striking. This apparent phase transition is compelling evidence of
gelation, which is further evaluated by rheological measurements.

Oscillatory amplitude and frequency sweeps and stress ramps
are conducted to probe the elasticity and strength of the particle
network, respectively. Oscillatory amplitude sweeps characterize
the visco-elastic behavior of samples by detecting the strain
dependent moduli response. The solid particle concentration was
Fig. 3. Macroscopic observation of the transition from fluid
fixed at 4 ¼ 10% and r varies from 0 to 0.072, which are consistent
with the samples for conductivity measurement. The plateau
storage modulus (G0

p) was determined from the linear viscoelastic
region (LVER) where G0 and G00 are strain independent [31,32].
Storagemoduli under strain of 0.01% and frequency of 10 rad/s were
taken as G0

p. To further confirm the value of G0
p, oscillatory fre-

quency sweeps within LVER were conducted and G0
p was deter-

mined under same condition (strain of 0.01% and frequency of
10 rad/s). Oscillatory amplitude sweeps are shown in Fig. S6a
(r ¼ 0e0.03) and S6b (r ¼ 0.039e0.072).

The dependence of G0
p in a logarithmic scale on r is depicted in

Fig. 4. Two different regimes can be distinguished by the two
differing slopes of G0

p, which corresponds to two different types of
network structures (open cluster and compact cluster) [10,33]. The
two slopes are obtained from linear fittings. For r varying from 0 to
0.039 (regime I), G0

p shows a pronounced increase with a growth
slope of 45.2 ± 7.7, indicating the rapid growth of open clusters.
With r beyond 0.039, the growth of G0

p is less sensitive to r with a
much flat slope of 7.5 ± 2.8 (Regime II). This is due to the formation
of more compact aggregates.

For clusters in regime I, the elasticity is dominated by the
deformation of particle-particle linkage and the elastic constant
depends on the cluster backbone size. As r increases, the arrested
probability P of free silver flakes is increased due to the increased
bridge number and size. As a result, the cluster density and corre-
lation length grow rapidly. Upon clusters interconnecting to form a
space-spanning network, the gelation boundary is approached and
G0

p increases qualitatively. At r ¼ 0.018, a weak gel network forms,
indicated by the oscillatory frequency sweeps where G0 and G00 are
-like behavior to solid-like behavior with different r.
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both frequency independent, as shown in Fig. S7a. The weak gel
network formation is consistent with silver flake composite the
conductive state featuring low conductivity. The weak network as
well as the low conductivity comes from the insufficient bridging
bonds. The bond inside the network is likely a mixture of pendular
bridges and overlaps of flakes. At the turning point of r ¼ 0.039, the
cessation of rapid growth indicates the saturation of bridge number
and size. Most particles are bonded by pendular bridges and bridge
strength reaches the maximum, indicating the formation of the full
pendular network [16]. This full pendular network accounts for the
maximum electrical conductivity and agrees with the heteroge-
neous structure of the SEM image in Fig. 2c.

In regime II, flakes aggregate into compact clusters, as shown in
Fig. 2. The compact clusters form bonds with other compact clus-
ters. The overall elasticity of the network is dominated by the inter-
cluster linkage [34]. For compact clusters, the elastic modulus can
be scaled as G0~k/x [10]. Here, k is the inter-particle elastic constant
and x is the compact cluster correlation length. As x decreases due
to aggregates formation, G0 increases accordingly. For high r, cluster
size is approaching saturation and only shrinks slightly and thus
the growth of G0

p slows down. Electrical conductivity drops slowly
and tends to plateau as shown in Fig. 1.

The network strength is characterized by yield stress sy, beyond
which shearing stress will lead to the breakdown of the particle
network. Ternary adhesive features a high yield stress due to the gel
network formation. Typical deformations versus stress curves for a
broad range of r are shown in Fig. S8. Determination of yield stress
is illustrated in supplement. The r dependence of sy is plotted in
Fig. 5. sy shows a non-monotonic evolution with a clear distinction
of rise, peak and drop. As r increases from 0 to 0.039, sy grows
slowly with a plateau between 0.03 and 0.039. This plateau is
speculated to be the transition from the pendular network to
funicular structure and full pendular network occurs at r ¼ 0.03. A
prominent increase occurs in the range of 0.039e0.048, and later sy
drops to another plateau value. The rise and drop arise from the
network formation and compact aggregates, as established in the
previous section.

It is worth noting that peak yield stress occurs at r ¼ 0.048,
would correspond to the funicular network structure, which agrees
with others' observations that yield stress drops when compact
aggregation forms [16,21]. The reasons for maximum yields stress
occurring at funicular structure is not yet clear. It is speculated that
the concave liquid-liquid interface induces a negative Laplace
Fig. 5. Yield stress as a function of r obtained from stress ramps. Error bars represent
standard deviation from three independent tests. Maximum yield stress exists at
r ¼ 0.048 shown in the figure.
pressure which pulls particles into a more intimate contact. The
inter-particle friction forces increase accordingly, which is likely to
be responsible for the maximum yield stress. The increased in-
timacy among particles also explains the maximum thermal con-
ductivity at the funicular structure. As that electron transport of a
network depends on quantum tunneling effect which does not
require direct contact of the particles forming conducting pathways
[35,36], whereas the network strength depends on direct contact of
interparticle connectionwithin the cluster [37,38]. Because clusters
become more compact at funicular state and possibly reduce the
number of conducting pathways, electrical conductivity drops
while yield stress reaches the maximum.

G0
p and sy exhibit opposite trends with r beyond 0.048. The

plateau storage modulus evaluates the overall ability of the particle
network to resist the deformation. Yield stress characterizes the
onset of network breakup, in other words, the strength of the
weakest network. sy not only depends on the network elasticity but
also the yield strain.

3.4. Proposed bridging mechanism

3.4.1. Bridging configuration and saturation size
TEM images were taken to reveal particle interconnection in the

pendular state and capillary aggregates. 3D schematic drawings of
particle arrangements are inserted in TEM images. Paired silver
flakes are bridged in a face-face configuration at the pendular state
and form chain-like cluster, as shown in Fig. 6a. Notably, the co-
ordination number Z, i.e. the number of bridges that each particle
possesses, is estimated to be 2 from the TEM image. Regarding the
capillary aggregation, particles connection becomes more compact
and cluster contains multi-particles aggregation instead of the
pendular chain-like cluster, as shown in Fig. 6b. This is consistent
with the SEM observation in Fig. 2e. This may because size of IL
droplet is larger than that of silver flakes and silver flakes are
predominantly distributed within the IL droplet. This shows strong
affinity with a plate-shape particle stabilized emulsion [39]. The
elementmapping in Fig. S5 also shows that the distribution of silver
flakes overlaps with that of IL, implying that silver flake connecting
with the IL droplet.

For TIM applications, high electrical and thermal conductivity
and yet low viscosity are desired. Considering these requirements,
compact aggregates need to be strictly avoided, which makes the
determination of saturation concentration extremely important. To
proceed further, we estimate the saturation size of a pendular
bridge, which is the most likely full pendular network structure for
the optimal electrical conductivity in the silver epoxy. As discussed
in the earlier sections, the funicular network is evolved out of the
pendular network with further particle aggregation.

Experimentally, a full pendular network with r ¼ 0.03 is
assumed to be the condition before which bridge coalescence oc-
curs. In the two dimension (2D) TEM images shown in Fig. 6a, the
coordination number Z ¼ 2 is the meniscus number per particle. In
three dimensional (3D) system, in order to form a particle network,
Z must be larger than 2. A recent study on anisotropic colloids [40]
subjected to strong attraction shows that, anisotropic discoids favor
Face-Face configuration featuring a low mean contact number of
3.2 ± 0.9 in a 3D system. Thus, it is suggested that Z ¼ 3 would be
appropriate in consideration of the anisotropic geometry of the
silver flake.

According to the definition of r,

r ¼ VIL

VAg
¼ NpbVpb

NAgVAg
¼ Z=2NAgVpb

NAgVAg
¼ ZVpb

2VAg
(2)

where Npb and NAg are the total number of pendular bridges and



Fig. 6. TEM images of silver flakes connection in ternary adhesive with a silver volume
fraction of 10%. Insert shows a 3D schematic drawing of particle arrangements
accordingly. (a) r ¼ 0.03, particles in a pendular state prefer a face-face configuration
and form chain-like cluster, as highlighted by the yellow dashed ellipse; (b) r ¼ 0.119,
particles connection becomes more compact and cluster is more condense. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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silver flakes, respectively; Vpb and VAg are the volumes of single
pendular bridge and single silver flake, respectively.

Silver flakes are taken as thin elliptic cylinders and assumed to
be identical in size. Estimated from SEM image (Fig. S1), a¼ 1 mm is
the semi-major axis, b ¼ 0.5 mm is the semi-minor axis and flake
thickness t¼ 0.12 mm is the height of the cylinder. Thus, the volume
of a single silver flake is expected to be VAg ¼ pabt ¼ 0.188 mm3.
Then, the bridge volume Vpb is estimated to be 5.64 � 10�3 mm3.
Furthermore, treating the meniscus as having cylindrical edges, the
geometric criterion of bridge coalescence is where the surface of a
silver flake is fully covered by secondary fluid. Calculated from the
bridge volume and silver surface area, the height of the bridge is
determined to be 2.4 nm, which is also the distance between
neighboring flakes. The bridge height is much smaller than the
silver surface dimension, which makes the assumption of cylin-
drical edges of the bridge practicable. As mentioned above, the
electron tunneling distance is smaller than 10 nm. Thus, inter-
particle distance of 2.4 nm is reasonable for electron transport
between neighboring silver flakes.

3.4.2. Bridging gelation induced by secondary wetting liquid
Combining the conductivity, microstructure and rheology re-

sults, it is reasonable to suggest that the maximum electrical and
thermal conductivities occur at the formation of a full pendular
network and funicular network within the gelation region. A
structural evolution from highly dispersed particles, weak gel
network, full pendular network and ultimately to compact capillary
aggregates network was observed. Such a transition is analogous to
the behavior of many colloidal systems where gelation of particles
is driven by inter-particle attraction potential U, including non-
absorbing polymer induced depletion [40] and absorbing polymer
induced bridging attraction [41]. In these systems, the attraction
strength is tuned by the concentration of the polymer. Within this
framework, the addition of secondary fluid will produce an effec-
tive attraction potential between particles. The attractive strength
is sensitive to the volume fraction ratio r between secondary fluid
and solid flakes, which simply characterize the surface coverage of
secondary fluid on particles. The value of r determines the type of
gel network structure, either pendular network or capillary ag-
gregates network. Based on the current results, a physical model of
bridging gelation is proposed to illustrate the underlying network
transition, shown in Fig. 7.

Without the IL, silver flakes were distributed randomly and
stably in the polymer base (Fig. 7a), and particle interaction is
dominated by the van der Waals force. When IL is added, silver
flake is preferably wetted by IL. The IL droplets are adhered to the
silver flake surface. When a IL wetted silver flake approaches
another wetted silver flake within sufficient proximity, the cohe-
sive force of the IL would cause the formation of a pendular bridge
with a face-face configuration. The probability of a bridge forma-
tion partially depends on the droplet size and droplet number.
Thus, bridging attraction leads silver flakes to connect into clusters.
In Fig. 7b, when more IL is added, clusters grow into a conductive
network with a combination of IL bridged particles and particle-
particle binding by van der Waals forces. In this case, the conduc-
tive network is very weak and silver flake composite exhibits low
conductivities. Until most of the silver flakes are bridged by IL
droplets and the space filling network is formed largely via bridging
connections, that is, approaching bridge saturation, the full
pendular network forms. This network structure is schematically
shown in Fig. 7c. Elasticity depends on the inter-particle bridging
and electrical conductivity reaches the maximum. After the bridge
becomes saturated, excessive addition of IL will merge neighboring
bridges into a larger cluster resulting in a funicular structure. Silver
flakes are pulled into more intimate contact, as shown in Fig. 7d.
The funicular structure presents the maximum yield stress and
peak thermal conductivity. Elasticity falls into the second regime,
where inter-cluster link dominates the elastic response.

As the droplet size of the secondary fluid grows larger than the
size of silver flakes, silver particles favor to distribute in the sec-
ondary fluid which drives silver flakes to form capillary aggregates,
shown in Fig. 7e. As a consequence, the connections between ag-
gregates weaken. The platelet geometry of silver flakes affects
packing configuration inside the cluster.

Not surprisingly, bridging gelation is not only realized by the
liquid phase. A similar phenomenon was reported in micro-gel
bridged colloids [42e44]. Despite the differences of the bridge



Fig. 7. Schematics of how secondary fluid content r affects the microstructure. Green area represents secondary fluid and particles are shown as blue ellipses. (a) Silver flake
suspension in the epoxy adhesive with IL-free. (b) Weak gel network resulting from pendular bridge formation and particle overlap. (c) Full pendular network where bridges are
saturated. (d) Funicular network from oversaturated bridge coalescence. (e) Compact capillary aggregates. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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formation (liquid & gel), they both share common dependence on
the wetting properties of ternary systems. Polymer gel was adsor-
bed on the solid particle because of the hydrophobic interaction
[42] while secondary liquid in our silver flake composites was
attached to the silver surface because of favorable wetting property.
Interfacial energy reduction drives bridge formation and secondary
liquid concentration tunes the attraction strength. The micro-
structure transition highly depends on surface coverage and bridge
saturation.
4. Conclusion

This article reports the electrical and thermal performance of
secondary fluid bridged ternary composites. A non-monotonic
dependence of conductivities on secondary fluid content is
observed. Morphological and rheological properties of ternary sil-
ver adhesives were studied to look into the microstructure. It is
found that, with increasing the concentration of the secondary
liquid IL, microstructure transits from a dispersed state, a weak gel
network, full pendular network, funicular network and finally to
compact aggregation. Themicrostructure transition highly depends
on surface coverage and bridge saturation. The maximum electrical
and thermal conductivities correspond to the turning point of
elasticity and maximum yield stress, which are full pendular
network and funicular network, respectively. Face-face configura-
tion of platelet-shape particles bridging were imaged by TEM. A
bridging gelation model is put forward to illustrate the structural
transition.
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