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ABSTRACT: Excellent electrical conductivity (EC) generally
conflicts with high lap shear strength (LSS) for electrically
conductive adhesives (ECAs) since EC increases while LSS
decreases with increasing conductive filler content. In this
work, the ECAs with the excellent overall performance are
developed based on the ternary hybrid of Ag microflakes
(Ag-MFs), Ag nanospheres (Ag-NSs), and Ag nanowires
(Ag-NWs). First, a low silver content adhesive system is
determined. Then, the effects of the relative contents of Ag
fillers on the EC and the LSS are studied. It is shown that a small amount of Ag-NSs or Ag-NWs can dramatically improve the
EC for the Ag-MF/epoxy adhesives. The Ag-NSs and Ag-NWs with appropriate contents have a synergistic effect in improving
the EC. Meanwhile, the LSS of the as-prepared adhesive with the appropriate Ag contents reaches an optimal value. Both the EC
and the LSS of the as-prepared ternary hybrid ECA with a low content of 40 wt % Ag are higher than those of the commercial
ECAs filled with the Ag-MF content over 60 wt %. Finally, the ternary hybrid ECA with the optimal formulation is shown to be
promising for printing the radio frequency identification tag antennas as an immediate application example.
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■ INTRODUCTION

As potentially excellent alternatives to solder, electrically
conductive adhesives (ECAs) have been widely used in flip
chip, printed circuit board, chip scale package, ball grid array,
and three-dimensional stacking because of their environmental
friendliness, mild processing conditions, low stress on
substrates, and fine pitch interconnecting capability.1−5

A typical ECA is made up of a polymeric matrix and conductive
fillers. The polymeric matrix provides the mechanical properties
while the conductive fillers contribute to the electrical
conductivity (EC).1,2,6,7 Epoxy resin is the most widely applied
polymer matrix in the ECAs because of its low shrinkage,
excellent adhesion, resistance to thermal and mechanical
shocks, and outstanding resistance to moisture, solvents and
chemical attacks.8 Silver (Ag) is the most used conductive filler
in the ECAs because of its stable chemical property and
excellent conductive performance. In addition, the oxidation
process of Ag in the air is extremely slow, and even its oxides
are still conductive.7,9

The Ag fillers in the ECAs can be in the form of spheres,
flakes, nanowires, and so on. Ag nanospheres (Ag-NSs) have
been employed by Wu et al.10 to synthesize the ECAs and it
was found that the percolation threshold of the ECAs reached
the lowest value when the average diameter of Ag-NSs was
50 nm. Ye et al.11 reported that the ECA filled with Ag-NSs at
the content of 70 wt % was not conductive while the ECAs
filled with the same amount of Ag microspheres (Ag-MSs) had
a good conductive ability. Among the Ag fillers, Ag microflakes

(Ag-MFs) are the most commonly used conductive filler for
commercial ECAs because of their high conductivity and
relatively stable contact resistance. Therefore, much research
has been conducted based on Ag-MFs,12−15 and the EC of the
ECAs filled with Ag-MFs was higher than that filled with Ag-NSs
or Ag-MSs.11,16 Recently, one-dimensional Ag nanowires
(Ag-NWs) have attracted increasing interests due to their
unique electrical, optical, and thermal properties and their
potential applications in microelectronic, optoelectronic de-
vices, and sensors.17−20 Ag-NWs possess relatively higher
aspect ratio compared to Ag-NSs or Ag-MFs, which may form
ideal thermally or electrically conductive paths at a relatively
lower percolation threshold in polymer adhesives.7,21−23 To
lower the costs, the ECAs have also been made from metal-
coated fillers, such as Ag-coated carbon nanotubes,24 Ag-coated
graphite nanosheet,9 Ag-coated polymer spheres,25,26 Ag-coated
basalt particles and basalt fibers,27 and Ag-coated Cu particles
and Cu flakes.28,29 However, the ECAs containing metal-coated
fillers usually have a relatively lower EC compared to those
containing pure metal fillers.27,28

In general, it is not possible for a normal ECA made from
single fillers to simultaneously possess both a high conductive
performance and an excellent adhesive strength since these
two properties generally conflict with each other. It is usually
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needed to increase the content of conductive fillers to improve
the EC of the ECAs. As a result, the content of Ag fillers of the
ECAs in previous studies is in the range of ∼60−94 wt %.10−15
However, a high filler content will lead to a low adhesive
property instead. Moreover, a higher content of conductive Ag
fillers mean a higher cost for adhesives. So, it is not sensible to
obtain high EC ECAs by simply increasing the content of
conductive fillers. Therefore, some researchers turned to
prepare the ECAs filled with the hybrid of two conductive
fillers with different shapes and sizes.30−39 The addition of Ag-NSs
to the ECAs filled with Ag-MFs, or substitution of a part of
Ag-MFs with Ag-NSs could obviously improve the EC of the
ECAs.30−37 Besides, the EC of the ECA filled with the binary
hybrid of Ag-MFs and Ag nanodendrites is higher than that of
the ECA filled with single Ag-MFs.38 Moreover, the ECA filled
with the binary hybrid of Ag-MFs and Ag nanobelts have
a better conductive property than that filled with single
Ag-MFs.39 As mentioned above, Ag-NWs have a high aspect
ratio, which is beneficial to formation of conductive pathways.
However, the introduction of Ag-NWs (binary hybrid) or
particularly both Ag-NWs and Ag-NSs (ternary hybrid) to
Ag-MF ECAs have not been reported yet. It is expected that the
addition of Ag-NWs or both Ag-NWs and Ag-NSs to the ECAs
of Ag-MFs could bring about a great improvement in the EC.
In addition, a higher LSS might be obtained if the total content
of Ag fillers can be kept at a low level.
In this paper, the ECAs filled with Ag-MFs, Ag-NSs and

Ag-NWs are prepared to develop ternary Ag/epoxy adhesives
with an excellent overall performance. It is shown that a small
amount of Ag-NSs or Ag-NWs can dramatically improve the
EC of the ECAs filled with single Ag-MFs. And Ag-NWs can
improve the EC to a much higher degree than Ag-NSs. Ag-NSs
and Ag-NWs at appropriate contents in the ternary hybrid ECA
have a synergistic effect in improving the EC. Moreover, a high
lap shear strength (LSS) is also obtained for the as-prepared
ternary hybrid ECA with an optimal formulation. Due to its
excellent EC and high LSS, the obtained ternary Ag/epoxy
adhesive with a low Ag content of 40 wt % is obviously superior
to the traditional ECAs and the commercial adhesives with a
much higher Ag-MF content over 60 wt %. Finally, the ternary
hybrid ECA with the optimal formulation is successfully
employed in printing the radio frequency identification (RFID)
tag antenna as an immediate application example.

■ EXPERIMENTAL SECTION
Materials. Silver nitrate (AgNO3), hexahydrated ferric chloride

(FeCl3·6H2O), ethylene glycol (EG), and poly(N-vinylpyrrolidone)
(PVP, Mw = ∼85 000) were all purchased from Lan Yi Co. Ltd.,
Beijing, China. Epoxy was 4,5-epoxyclyclohexyl-1,2-diglycidyl difor-
mate (TDE-85) obtained from Hunan Tuo Suo Technology Co. Ltd.,
China. It was a kind of trifunctional epoxy, and could exhibit high cure
shrinkage when cured. It was reported that an ECA with a high cure
shrinkage generally showed a high EC.40 Curing agent was
methylhexahydrophthalic anhydride (MeHHPA) purchased from
Shanghai Li Yi Technology Development Co. Ltd., China. Catalyst
was 2-ethyl-4-methylimidazole (2E4MZ) supplied by Changzhou
Zhong Kai Chemical Co. Ltd., China. Coupling agent was γ-(2,
3-epoxypropoxy) propytrimethoxysilane (KH560) obtained from
Shanghai Yao Hua Chemical Plant, China. Ag-MFs (SF-0340) were
supplied by Kunming Noble Metal Electronic Materials Co. Ltd.,
China and Ag-NSs (S11000-25) were purchased from Ferro Corporation,
USA. The particle size distributions of Ag-MFs and Ag-NSs are
given in Supporting Information Table S1, and the morphologies
of Ag-MFs and Ag-NSs are shown in Supporting Information
Figure S1a and b, respectively. Two typical commercial ECAs were

ABLEBOND84−1LMISR4 and CAPITON-924 K, which were
purchased from Henkel AG & Co. KGaA, Germany and Shenzhen
Capiton Sci-Technology Co. Ltd., China, respectively.

Preparation of Ag-NWs. Ag-NWs were synthesized via a
hydrothermal synthetic method similar to that reported previ-
ously.41−43 First, 200 mL EG solution of FeCl3·6H2O (5.4 mg) was
vigorously stirred after the addition of 3.33 g PVP. In the same time,
200 mL EG solution of AgNO3 (3.4 g) was magnetically stirred. The
two solutions were mixed drop by drop. Afterward, the obtained
solution was transferred into an autoclave and heated at 160 °C for
2 h. After it was cooled to room temperature naturally, the solution
was washed with a large amount of acetone and then with ethanol to
separate Ag-NWs from EG. At last, Ag-NWs were dispersed in ethanol
for further use.

Preparation of ECAs. First, epoxy (TDE-85), curing agent
(MeHHPA), catalyst (2E4MZ), and coupling agent (KH560) were
mixed uniformly. Second, the Ag-NW ethanol solution was added to
the epoxy resin matrix. Then, the mixture obtained was put into a
vacuum chamber (about 20 Pa) for 24 h to remove the solvent.
Afterward, Ag-MFs (SF-0340) and Ag-NSs (S11000-25) were blended
with the above mixture to prepare the ECAs according to the
prescribed formulations of ECAs in Tables 1 and 2.

Characterization and Measurements. The morphologies of the
Ag fillers and the ECAs were observed using a scanning electron
microscope (SEM, Hitachi S-4300, Japan). The phase purity of
Ag-NWs was characterized by X-ray diffraction (XRD) on an X-ray
diffractometer with CuKα radiation (λ = 0.154 nm) between 2θ = 10°
and 2θ = 90°.

The samples for volume resistivity measurement were prepared
according to the recommendation of GJB548A-1996. First, two
parallel strips of 3 M tape were placed 2.54 mm apart along the length
of a standard glass slide of 25.4 mm × 76.2 mm. Second, a small
amount of the ECA was added in the space between the 3 M tapes.
Then, a scalpel held manually at approximately 30° was used to
squeeze the ECA into the 2.54 mm space. After the samples were
heated at 150 °C for 2 h, the 3 M tapes were removed. The schematic
of preparing the samples for EC measurement is presented in
Supporting Information Figure S2a. The volume resistance of the

Table 1. Formulation of ECAs Filled with Single Ag-MFs

Sample code Epoxy resin (wt %) Ag-MFs (wt %) EC (Ω cm)

F0.0 100 0.0 (2.03 ± 0.11) × 1014

F20.0 80 20.0 (5.40 ± 0.12) × 101

F40.0 60 40.0 (3.78 ± 0.07) × 10−4

F60.0 40 60.0 (1.79 ± 0.05) × 10−4

Table 2. Formulation of Binary and Ternary Hybrid ECAs
with a 40 wt % Ag Content

Sample code
Epoxy resin
(wt %)

Ag-MFs
(wt %)

Ag-NSs
(wt %)

Ag-NWs
(wt %)

F37.5 S2.5 60 37.5 2.5 0
F35.0 S5.0 60 35.0 5.0 0
F32.5 S7.5 60 32.5 7.5 0
F30.0 S10.0 60 30.0 10.0 0
F37.5 W2.5 60 37.5 0 2.5
F35.0 W5.0 60 35.0 0 5.0
F32.5 W7.5 60 32.5 0 7.5
F30.0 W10.0 60 30.0 0 10.0
F27.5 W12.5 60 27.5 0 12.5
F25.0 W15.0 60 25.0 0 15.0
F30.0 S7.5 W2.5 60 30.0 7.5 2.5
F30.0 S5.0 W5.0 60 30.0 5.0 5.0
F30.0 S2.5 W7.5 60 30.0 2.5 7.5
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ECAs was measured by a Keithley Source Meter 2400 device with a
four-point probe, and the volume resistivity (ρ) can be calculated from
the equation

ρ = R
wt
l (1)

where R is the resistance of the sample and l, w, and t are the length,
width, and thickness of the sample, respectively.8,10

The samples for LSS test were prepared according to the re-
commendation of GB7124−1986. The adherends used were LY12-CZ
aluminum alloy sheets with a dimension of 100 mm × 25 mm ×
2 mm. They were polished with emery papers and the polished
surfaces were greased with acetone and then dried. Afterward, two
rectangular aluminum alloy sheets with an overlap length of 12.5 mm
were fixed with the as-prepared epoxy adhesives. Then the samples
were heated at 150 °C for 2 h. The schematic of preparing the sample
is shown in Supporting Information Figure S2b as done in our
previous work.44 Measurement of the LSS of the ECAs was conducted
by an electronic universal testing machine (Model RG-T-20A). The
LSS (τ) can be calculated from the equation

τ = P
BL (2)

where B and L are the length and width of the bonding part of the
sample and P is the force applied to break the bond.8,10,44

■ RESULTS AND DISCUSSION

The broad peaks at 2θ = 38.0°, 44.2°, 64.3°, 77.4°, and 81.4°
are observed by the XRD pattern of the Ag-NWs as shown in
Figure 1a, which correspond respectively to the (111), (200),
(220), (311), and (222) reflection of Ag. These broad peaks
match well with the data from the JCPDS file (no. 04-0783) for
Ag. The SEM image of the as-prepared Ag-NWs is presented in
Figure 1b, from which the length and diameter of Ag-NWs can
be obtained. Figure 1c and d shows the length and diameter
distributions of Ag-NWs, which are acquired from a series of
SEM images as shown in Figure 1b using a computer software
(Nano Measurer Software). The average length and diameter
of Ag-NWs are measured to be 37.2 μm and 231.4 nm,
respectively. And the average aspect ratio of Ag-NWs is
estimated to be about 161.
As expected, both the electrical resistivity (ER) and the LSS

of the ECAs filled with single Ag-MFs decrease with increasing
the content of Ag-MFs as shown in Figure 2a and b. So, more
Ag-MFs can lead to better conductive performance while worse
adhesive strength. Compared to the y-axis scale, the error bars
of Figure 2a are too small to be clearly seen and are then also
given in Table 1. Moreover, it is observed that the conductive

Figure 1. (a) XRD pattern, (b) SEM image, (c) diameter histogram, and (d) length histogram of Ag-NWs.

Figure 2. (a) Electrical resistivity (ER) and (b) LSS of the ECAs filled with single Ag-MFs.
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Figure 3. (a) ER of the binary hybrid ECAs filled with Ag-MFs and Ag-NSs, (b) ER of the binary hybrid ECAs filled with Ag-MFs and Ag-NWs,
(c) comparison of the ER of two binary hybrid ECAs, and (d) ER of the ternary hybrid ECAs filled with Ag-MFs, Ag-NSs, and Ag-NWs.

Figure 4. SEM images of the cross sections of (a) the single adhesive filled with 40 wt % Ag-MFs, the binary hybrid adhesives with (b) 37.5 wt %
Ag-MFs and 2.5 wt % Ag-NSs, (c) 35 wt % Ag-MFs and 5 wt % Ag-NSs, (d) 32.5 wt % Ag-MFs and 7.5 wt % Ag-NSs, and (e) 30 wt % Ag-MFs and
10 wt % Ag-NSs.
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performance of the 40 wt % Ag-MF ECA is in the same order
of magnitude with that of the 60 wt % Ag-MF ECA. On the
other hand, the LSS of the 40 wt % Ag-MF ECA is higher than
that of the 60 wt % Ag-MF ECA. Therefore, the total amount
of Ag fillers in the ECAs will be set at 40 wt % for the purpose
of achieving excellent overall performance.
The results for the electrical property of binary and ternary

hybrid adhesives are presented in Figure 3a−d. As shown
in Figure 3a, the electrical resistivity of the ECAs filled with
Ag-MFs and Ag-NSs decreases initially with increasing the Ag
NS content up to 5 wt % and then increases with further
increasing the Ag NS content. The total resistance of an ECA is
the sum of the bulk resistance (Rb) of fillers and the interface
contact resistance (Ri) between neighboring fillers.21,22 Ri is
made up of constriction resistance (Rc) and tunneling
resistance (Rt). The constriction resistance comes from the
spots where fillers are directly contacted. It increases with
increasing the number of contact points, and decreases with
increasing the contact area. The tunneling resistance comes
from the spots where fillers are not directly contacted, and the
electrons need to overcome barrier energy to transfer through

those spots.11,21,22,39 For the ECA filled with Ag-MFs only,
there are many gaps between Ag-MFs as shown in Figure 4a.
When a small amount of Ag-NSs is added, the Ag-NSs can be
inserted between the gaps of Ag-MFs, so some Ag-MFs with
small gaps can be connected by Ag-NSs as shown in the inset of
Figure 4b. Hence, more electrically conductive channels are
formed as indicated by yellow lines in Figure 4b and c, which
will lead to a sharp decrease in the tunneling resistance.39 On
the other hand, the addition of Ag-NSs will lead to a slight
increase in the constriction resistance.39 But it cannot play a
decisive role when the content of Ag-NSs is low. Therefore,
from these two aspects, the interface contact resistance
decreases and as a result, the ER of the ECAs decreases as
the content of Ag-NSs increases. When the added Ag-NSs
exceed a certain amount, the Ag-NSs at a high content will
easily get aggregated as shown in Figure 4d and e, which will
create adverse effects to the conductive paths.45 The aggregated
Ag-NSs cannot connect the Ag-MFs as the uniformly dispersed
Ag-NSs, so the tunneling resistance could not be decreased a
lot.39 But the number of contact points between conductive Ag
fillers will increase as the Ag-NS content increases, which will

Figure 5. SEM images of the cross sections of (a) the single ECA filled with 40 wt % Ag-MFs, the binary hybrid adhesives with (b) 37.5 wt %
Ag-MFs and 2.5 wt % Ag-NWs, (c) 35 wt % Ag-MFs and 5 wt % Ag-NWs, (d) 32.5 wt % Ag-MFs and 7.5 wt % Ag-NWs, (e) 30 wt % Ag-MFs and
10 wt % Ag-NWs, (f) 27.5 wt % Ag-MFs and 12.5 wt % Ag-NWs, and (g) 25 wt % Ag-MFs and 15 wt % Ag-NWs.
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lead to a sharp increase in the constriction resistance.39,46 So,
the interface contact resistance increases. Consequently, the ER
of the ECAs increases as the Ag-NS content increases further
over 5 wt %.
As shown in Figure 3b, the ER of the ECAs filled with

Ag-MFs and Ag-NWs decreases initially with increasing the
Ag-NW content until 10 wt % and then increases with further
increasing the Ag-NW content. The average aspect ratio of
the Ag-NWs is around 161, which is much higher than that
(about 40) of Ag-MFs. When a small amount of Ag-NWs is
added to the Ag-MFs, the Ag-NWs play a bridging role among
the Ag-MFs that did not connect before. Thus, more electrically

conductive channels are formed by Ag-NWs as shown in
Figure 5b−e, leading to a sharp decrease in the tunneling
resistance.39 On the other hand, the constriction resistance is
slightly increased because of the addition of a small amount of
Ag-NWs. On the basis of the above two effects, the interface
contact resistance decreases. As a result, the ER of the ECAs is
decreased by the addition of a small amount of Ag-NWs. As the
content of Ag-NWs increases further, the amount of Ag-MFs
decreases. The original electrically conductive channels formed
by Ag-MFs are destroyed when the Ag-NWs exceeds a certain
amount. New electrically conductive channels are formed by a
large amount of Ag-NWs and the rest of Ag-MFs as shown in
Figure 5f and g. Moreover, the Ag-NWs at such a high content
will also get aggregated, although not as badly as Ag-NSs, which
will create adverse effects to the conductive paths.45 The
aggregated Ag-NWs cannot bridge the Ag-MFs as the dispersed
Ag-NWs. Hence, the tunneling resistance cannot be decreased
a lot.39 On the other hand, the number of contact points is
dramatically increased when the content of Ag-NWs is
increased to a high level, and thus the constriction resistance
is greatly increased.39,46 So, the interface contact resistance
increases. Finally, the ER of the ECAs increases as the Ag-NW
content increases further over 10 wt %.
A comparison is made for the ER of the binary hybrid ECAs

filled with Ag-MFs and Ag-NWs with that of the binary hybrid
ECAs filled with Ag-MFs and Ag-NSs as a function of the
conductive nanofiller content as shown in Figure 3c. On the
one hand, it can be seen that the two trends are similar. The ER
of the two series of the ECAs both decreases first to the lowest
value as the content of the conductive nanofiller content

Figure 6. SEM images of the cross sections of (a) the binary hybrid adhesive filled with 30 wt % Ag-MFs and 10 wt % Ag-NSs, the ternary hybrid
adhesives with (b) 30 wt % Ag-MFs, 7.5 wt % Ag-NSs, and 2.5 wt % Ag-NWs, (c) 30 wt % Ag-MFs, 5 wt % Ag-NSs, and 5 wt % Ag-NWs, (d) 30 wt %
Ag-MFs, 2.5 wt % Ag-NSs, and 7.5 wt % Ag-NWs, and (e) the binary hybrid adhesive with 30 wt % Ag-MFs and 10 wt % Ag-NWs.

Table 3. Comparison of the ΔECa of the Binary and Ternary
Hybrid ECAs

Ag fillers

Sample code
Ag-MFs
(wt %)

Ag-NSs
(wt %)

Ag-NWs
(wt %) EC (S/cm) ΔEC (S/cm)

F37.5 S2.5 37.5 2.5 0 2754 ± 54 109
F32.5 W7.5 32.5 0 7.5 4273 ± 80 1628
F30.0 S2.5W7.5 30.0 2.5 7.5 5102 ± 92 2456 (>109 + 1628)
F35.0 S5.0 35.0 5.0 0 3040 ± 52 395
F35.0 W5.0 35.0 0 5.0 3289 ± 65 644
F30.0 S5.0 W5.0 30.0 5.0 5.0 4484 ± 83 1839 (>395 + 644)
F32.5 S7.5 32.5 7.5 0 2387 ± 40 −258
F37.5 W2.5 37.5 0 2.5 2882 ± 38 237
F30.0 S7.5W2.5 30.0 7.5 2.5 3509 ± 49 864 (>−258+ 237)
aNote: ΔEC = EC (binary or ternary hybrid) − EC (40 wt % single
Ag-MFs).
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Figure 7. LSS of (a) the binary hybrid ECAs filled with Ag-MFs and Ag-NSs, (b) the binary hybrid ECAs filled with Ag-MFs and Ag-NWs, and
(c) the ternary hybrid ECAs filled with Ag-MFs, Ag-NSs, and Ag-NWs.

Figure 8. SEM images of the lap shear fracture surfaces of (a) the single adhesive filled with 40 wt % Ag-MFs, the binary hybrid adhesives with
(b) 37.5 wt % Ag-MFs and 2.5 wt % Ag-NSs, (c) 35 wt % Ag-MFs and 5 wt % Ag-NSs, (d) 32.5 wt % Ag-MFs and 7.5 wt % Ag-NSs, and (e) 30 wt %
Ag-MFs and 10 wt % Ag-NSs.
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increases, and afterward increases as the content of the con-
ductive nanofiller content increases further. Therefore, both the
Ag-NSs and the Ag-NWs with appropriate filler contents can
improve the EC of the ECAs filled with single Ag-MFs. On the
other hand, the Ag-NWs can improve the EC of ECAs to a
much larger degree than the Ag-NSs, indicating that the Ag-NWs
with a large aspect ratio can more easily form conductive
networks than the Ag-NSs.
As shown in Figure 3d, the ER of the ternary hybrid ECAs

decreases as the content of Ag-NWs increases while the content
of Ag-NSs decreases. First, the average aspect ratio (161) of the
Ag-NWs is much higher than that (unity) of Ag-NSs, a high
aspect ratio is beneficial for building the conductive net-
work.7,21−23 Second, when the Ag-NS content is higher than
5.0 wt %, the Ag-NSs can easily get aggregated as shown in
Figure 6a and b, and the aggregated Ag-NSs will worsen the EC
of the adhesives.45 Additional Ag fillers are required to form an
electrical conductive network due to the formation of Ag-NS
aggregates.45 Third, the number of contact points between Ag
fillers will increase dramatically when the content of Ag-NSs
increases while the content of Ag-NWs decreases, leading to a

sharp increase of the constriction resistance.39,46 As a result, the
interface contact resistance increases and the EC of the ternary
hybrid adhesives becomes relatively low.
On the other hand, when the amount of Ag-NSs is less than

5 wt % while the amount of Ag-NWs is more than 5 wt % as
shown in Figure 6d and e, the Ag-NSs can be dispersed
uniformly, and they can be inserted between the gaps of
Ag-MFs. Meanwhile, the Ag-NWs play a bridging role among
the Ag-MFs that did not connect before. As a result, more
electrically conductive channels can be formed, leading to a
sharp decrease of the tunneling resistance.39 Finally, the EC of
the ternary hybrid adhesives increases as the Ag-NW content
increases while the Ag-NS content decreases.
Moreover, Ag-NSs and Ag-NWs with appropriate filler

contents show novel synergistic effects in improving the EC of
the ECAs. The synergistic effect is that the two factors produce
an effect greater than the sum of their individual effects. Since
the standard deviations relative to the average values are less
than 2%, the improvement in the EC of the ECAs achieved by
replacing partial Ag-MFs with 2.5 wt % Ag-NSs and 7.5 wt %
Ag-NWs is obviously larger than the summed improvement in

Figure 9. SEM images of the lap shear fracture surfaces of (a) the single adhesive filled with 40 wt % Ag-MFs, the binary hybrid adhesives with
(b) 37.5 wt % Ag-MFs and 2.5 wt % Ag-NWs, (c) 35 wt % Ag-MFs and 5 wt % Ag-NWs, (d) 32.5 wt % Ag-MFs and 7.5 wt % Ag-NWs, (e) 30 wt %
Ag-MFs and 10 wt % Ag-NWs, (f) 27.5 wt % Ag-MFs and 12.5 wt % Ag-NWs, and (g) 25 wt % Ag-MFs and 15 wt % Ag-NWs.
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the EC of the ECAs achieved by replacing the Ag-MFs with
2.5 wt % Ag-NSs and 7.5 wt % Ag-NWs independently as
shown in Table 3. Therefore, it can be concluded that the
simultaneous introduction of Ag-NSs and Ag-NWs can lead to
a positive synergistic effect in enhancing the EC of the
conductive epoxy adhesives. In addition, for the binary hybrid
adhesive with 30 wt % Ag-MFs and 10 wt % Ag-NWs, the
Ag-NWs are uniformly dispersed in the adhesive and thus the
corresponding EC is high as shown in Figure 3. Nonetheless,
the adhesive property for this binary hybrid adhesive is quite
poor due to a high Ag-NW content to be shown later in this
work. So, this is not the adhesive with a high overall
performance we want.
Adhesive joints may fail adhesively or cohesively. In adhesive

failure, the separation occurs between the adhesive layer and
one of the adherends. In cohesive failure, the separation occurs
in such a manner that both adherend surfaces remain covered
with the adhesive. Cohesive failure is the ideal type of failure
because for this failure the maximum strength of the materials
in the joint can be reached.47 The results for the LSS of the
binary hybrid ECAs and the ternary hybrid ECAs are presented
in Figure 7. SEM images are given in Figures 8−10 for the
adherend surfaces after the failure of the adhesives.
As shown in Figure 7a, the LSS of the binary hybrid ECAs

filled with Ag-MFs and Ag-NSs increases slightly as the content
of Ag-NSs increases. The adherend surfaces are almost fully
covered by the binary hybrid adhesives and the amount of the
ECAs covered on the adherend surfaces is large as shown in
Figure 8. So, all the adhesives fail in a cohesive manner. More-
over, it seems from Figure 8 that the amount of the adhesives

Figure 10. SEM images of the lap shear fracture surfaces of (a) the binary hybrid adhesive with 30 wt % Ag-MFs and 10 wt % Ag-NSs, the
ternary hybrid adhesives with (b) 30 wt % Ag-MFs, 7.5 wt % Ag-NSs, and 2.5 wt % Ag-NWs, (c) 30 wt % Ag-MFs, 5 wt % Ag-NSs, and 5 wt %
Ag-NWs, (d) 30 wt % Ag-MFs, 2.5 wt % Ag-NSs, and 7.5 wt % Ag-NWs, and (e) the binary hybrid adhesive with the 30 wt % Ag-MFs and
10 wt % Ag-NWs.

Table 4. Comparison of the ER of the As-Prepared Ternary
Hybrid ECA with That of the ECAs Reported Previously

filler
content
(wt %) ER (Ω cm) refs

1 Ag-MSs/1 Ag-NSs 33 2.48 48
1 Ag-MSs/3Ag-NSs 33 102

3 Ag-MSs/1 Ag-NSs 33 104

Ag-MSs 40 102 16
Ag-MFs 40 101

Ag-MSs 56 3.64 21
Ag-NSs 56 3.65 × 10−1

Ag-NWs 56 1.2 × 10−4

Ag-MSs 75 7.5 × 10−4

Ag-MFs 50 9.3 × 10−4 38
Ag-MFs 60 5.1 × 10−4

5 Ag-MFs/1 Ag
nanodendrites

60 1.3 × 10−4

Ag-NWs 53 1.9 × 10−4 7
Ag-MSs 73 5.3 × 10−4

Ag-NSs 75 1.4 × 10−3

Ag-MFs 70 4.23 × 10−3 11
Ag-MSs 70 7.21 × 10−3

1 Ag-MSs/1 Ag-NSs 70 5.88
4 Ag-MSs/1 Ag-NSs 70 0.36
Ag-NSs 70 nonconductive
Ag-MFs 75 2.4 × 10−4 13
Ag-MFs 76 4.77 × 10−4 12
ternary hybrid Ag fillers
(F30.0 S7.5 W2.5)

40 2.85 × 10−4 present
work
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covered on the adherend surfaces increases slightly as the
Ag-NS content increases. This is possibly because the specific
surface area of the Ag-NSs is larger than that of Ag-MFs and
thus it is relatively easier for the epoxy resin to wet Ag-NSs
compared to Ag-MFs.21,38 This is consistent with the
observation that the LSS of the binary hybrid adhesives
increases slightly as the content of Ag-NSs increases as shown
in Figure 7a.
As shown in Figure 7b, the LSS of the binary hybrid ECAs

filled with Ag-MFs and Ag-NWs is enhanced only when Ag-NWs
have a low content of 2.5 wt %. But the LSS of the binary
hybrid adhesives decreases as the content of Ag-NWs increases
further. It can be seen from Figure 9a and b that the amount
of the ECAs covered on the adherend surfaces is large at a low
Ag-NW content. The adhesives with a low Ag-NW content fail

in a cohesive manner and thus the LSS is high. However, the
amount of ECAs on the adherend surfaces decreases and the
uncovered adherend surface area becomes larger as the Ag-NW
content increases. It is thus clear that the binary hybrid
adhesives show a failure trend from cohesive to adhesive ones
as the Ag-NW content increases. As a result, the LSS of the
adhesives is low at a high Ag-NW content.
As shown in Figure 7c, the LSS of the ternary hybrid ECAs

filled with Ag-MFs, Ag-NSs and Ag-NWs increases first as the
content of Ag-NWs increases up to 2.5 wt %, and afterward
decreases dramatically as the content of Ag-NWs increases
further. When the content of Ag-NSs is more than 5 wt %
and the amount of Ag-NWs is less than 5 wt % as shown in
Figure 10a and b, the amount of ECAs covered on the
adherend surfaces is large. Hence, these samples fail cohesively
and the LSS is high. However, when the amount of Ag-NWs is
more than 5 wt %as shown in Figure 10d and e, the amount of
ECAs covered on the adherend surfaces decreases as the
Ag-NW content increases. Therefore, these samples trend
toward adhesive failure. It is thus understandable that these
samples have a relatively low LSS.
Taking into consideration both the EC performance and the

adhesive strength, the optimal ternary hybrid ECA is obtained
at the contents of 30.0 wt % Ag-MFs, 7.5 wt % Ag-NSs, and
2.5 wt % Ag-NWs. A comparison is made between the ER of
the as-prepared ternary hybrid ECA and that of the ECAs
reported previously in the literature.7,11−13,16,21,38,48 As shown
in Table 4, the ER of the ternary hybrid ECA is much lower
than that of most of the ECAs reported previously with similar
Ag contents or even more than 70 wt % Ag fillers.
The ER of the optimal ternary hybrid ECA is 2.85 × 10−4 Ω cm,

which is in the ER range of 10−3−10−5 Ω cm for com-
mercial conductive adhesives with a much higher Ag content
of 60−100 wt % as shown in Table 5. Also, the LSS of the
as-prepared ternary hybrid ECA is compared with that of two
commercial ECAs using the same test method under the
same testing condition. As shown in Table 5, the LSS of the
as-prepared ternary hybrid ECA is higher than that of the two
commercial ECAs, which is most likely due to the fact that the
low content of Ag fillers is used in the present work. Therefore,
the ternary hybrid adhesive prepared in the present study is
superior to the commercial adhesives in terms of its overall
performance and cost.
Radio frequency identification (RFID) technology uses radio

waves to identify objects without making any physical contact.
RFID technology has become part of our daily lives and can be
found in car keys, employee identification, medical history/
billing, highway toll tags and security access cards.49 For ECAs,
one of the immediate applications is to use them for printing

Table 5. Comparison of the As-Prepared Ternary Hybrid ECA with Commercial ECAs

company model filler (wt %) ER (Ω cm) LSS (MPa)

Epoxy Technology, USA ED1021 70−80 2 × 10−4

E20S-D 60−75 1.4 × 10−4

Sumitomo, Japan Henkel, Germany T-3007−20 78−82 4.9 × 10−4

ABLEBOND 8290 60−100 8 × 10−3

ABLESTIK C 850−5A 60−100 1 × 10−3

ABLEBOND 84−1LMI 60−100 5 × 10−4

ABLEBONDAAA3131A 60−100 5 × 10−5

ABLEBOND84−1LMISR4 60−100 2 × 10−4 8.55 ± 0.34
Shenzhen Capiton Sci-Technology, China CAPITON-924 K 65 3 × 10−4 2.62 ± 0.44
present work Ternary hybrid ECA (F30.0 S7.5 W2.5) 40 2.85 × 10−4 10.17 ± 1.25

Figure 11. Photographs of (a) the RFID antennas printed on various
substrate materials using the ternary hybrid ECA with the optimal
formulation, (b) the complete RFID tag based on PET substrate, and
(c) showing of the reading of the as-prepared RFID tag.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b00470
ACS Appl. Mater. Interfaces 2015, 7, 8041−8052

8050

http://dx.doi.org/10.1021/acsami.5b00470


the RFID tag antennas. In this work, the ternary hybrid ECA
due to its good adhesive property can be well printed on
various substrates such as polyethylene terephthalate (PET),
polyimide (PI), and paper, as shown in Figure 11a. The
complete RFID tag after fixing a chip based on PET substrate is
prepared as shown in Figure 11b. As a comparison, a RFID tag
with the commercial ECA (CAPITON-924 K, 65 wt %
Ag-MFs) is also prepared. The reading distances of both the
RFID tags are about 2.5 m. Since the amount (40 wt %) of Ag
in the present study is much less than that of the commercial
ECA (65 wt % Ag), the low silver content in the as-prepared
ternary ECA will lead to an excellent LSS as shown above and
meanwhile its cost is much lower. Therefore, the ternary hybrid
ECA is definitely superior to the commercial ECA in various
practical applications including RFID antenna production etc.

■ CONCLUSIONS
In summary, the ternary hybrid silver/epoxy adhesive with an
excellent overall performance has been prepared by introducing
appropriate contents of Ag-MFs, Ag-NSs, and Ag-NWs into an
epoxy matrix. A small amount of Ag-NSs or Ag-NWs can
dramatically improve the EC of the ECAs filled with single
Ag-MFs. The Ag-NSs and Ag-NWs with appropriate contents
have a synergistic effect in improving the EC of the ECAs. The
as-prepared ternary hybrid ECA with the 40 wt % Ag shows an
excellent EC which is much higher than that of the traditional
ECAs filled with equal amounts of single Ag-MFs. Meanwhile,
the LSS of the ternary hybrid ECA is better than the
commercial ECAs with a much higher Ag content. Therefore,
the as-prepared low silver content ternary hybrid ECA with an
excellent overall performance is obviously superior to the
commercial ECAs or those reported previously normally with a
much higher silver content. Finally, RFID tag antennas have
been successfully printed with the ternary hybrid ECA as an
immediate application example.
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