
Conductivity and mechanical properties of
conductive adhesive with silver nanowires

Xing-Shi Li, Xiong-Zhi Xiang* , Lei Wang, Xiao-Jun Bai

Received: 30 March 2015 / Revised: 2 June 2015 / Accepted: 25 April 2016 / Published online: 12 May 2016

� The Nonferrous Metals Society of China and Springer-Verlag Berlin Heidelberg 2016

Abstract The aim of this study was to develop conduc-

tive adhesive using silver nanowires prepared via

solvothermal method as conductive fillers and epoxy-

modified organosilicone resin as matrix resin. Effect of the

addition of silver nanowires/flakes on the conductive

adhesive’s electrical and mechanical properties was

investigated. Compared with conventional conductive

adhesive with silver flakes fillers, the percolation threshold

of conductive adhesive with silver nanowires fillers is

10 % lower approximately. However, further rise of the

content of silver nanowires has no obvious influence on

improvement of the electrical conductivity of conductive

adhesive. Both conductive and mechanical properties of

conductive adhesive can be compatible by adding silver

nanowires, which traditional silver conductive adhesives

cannot reach.

Keywords Silver nanowires; Conductive filler; Bulk

resistivity; Mechanical properties

1 Introduction

The conductive adhesive, for its intensively promoted

properties, has been widely employed in many fields, and

each year its utilization also increases on account of the

continuous work in recent years [1–3], whereas, in terms of

the current researches, the most challenging problem of

conductive adhesive is that the conductive properties and

the shear strength can be hardly compatible [4–6]. Though

the addition of conductive fillers can improve the con-

ductivity efficiently, yet it decreases the mechanical prop-

erties [7, 8]. Among all the methods of improving the

mechanical properties of conductive adhesive, using

nanomaterials to enhance the bonding strength is one of the

most effective ways [9–11]. Silver nanowires not only

exhibit excellent electrical conductivity themselves, but

also have the effect of strengthening mechanical property

due to the linear structure. Furthermore, silver nanowires

have low sintering temperature, which can bring the con-

tact resistance down, form the metallic bonding effect that

is similar to the low-melting-point alloys and enhance the

adhesive properties [12–16]. In this work, silver nanowires

with a pleasurable morphology were prepared via an

alcohol thermal method. By introducing these nanowires

into the conductive adhesive compositions, a positive

conductive adhesive with low fillers content but exhibiting

favorable electrical and mechanical properties was pro-

duced. In an attempt to understand the conduction mech-

anism and the contact condition, the sliver flakes were also

used as conductive fillers to develop conductive adhesive

in comparison with silver nanowires.

2 Experimental

2.1 Synthesis of conductive fillers

Silver nanowires were prepared by alcohothermal method.

In a typical synthesis procedure, 40 ml polyvinylpyrroli-

done (PVP) solution (0.4 mol�L-1 in glycerol, containing

some control agents) was added into a three-necked round-

bottomed flask; meanwhile, 40 ml AgNO3 solution

(0.2 mol�L-1 in glycerol) was poured into an acid buret.
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Then, the AgNO3 solution was added to the flask slowly

drop by drop with vigorous stirring, and at the same time,

the mixture was heated to 210 �C from room temperature

in an oil bath. When the reaction was stopped, the flask

cooled down naturally to room temperature. The product

was washed with distilled water several times to remove

most of the impurities and then dried to get the target

product. Silver flakes were purchased from HENGDA

Technology Company, Kunming, China. Morphology of

the as-synthesized silver nanowires and silver flakes is

shown in Fig. 1. Figure 1a shows that the diameters of the

silver nanowires are in the range of 50–60 nm, and lengths

are up to *15 lm; Fig. 1b shows that the average size of

silver flakes is 1–10 lm.

2.2 Design of conductive adhesive

Epoxy-modified organosilicone resin, phenol formaldehyde

epoxy resin, reactive diluent D-669 and silane coupling

agent KH-550 were mixed in a certain proportion and

grinded for 10 min. After that, silver nanowires/flakes,

curing agent MeHHPA and curing promoting agent DMP-

30 were added and grinded for 20 min. At last, a certain

amount of defoaming agent was also added into the mix-

tures, which need to be grinded for another 10 min to

prepare the conductive adhesive.

2.3 Characterization or measurements

Field scanning electron microscope (SEM, Hitachi S4700)

was used to observe the microstructure of the fundamental

materials. The bulk resistivity test samples were prepared

by coating conductive adhesive on two bare glasses, with

copper as testing electrode, and HK3540-1 DC resistance

measuring instrument was used to measure its resistivity.

Tensile shear strength testing was mainly based on ISO

4587:2003.

3 Results and discussion

3.1 Characterization of conductive fillers

Figure 2a, b shows the cross-sectional images of silver

flakes with different densities on conductive adhesive. From

these two pictures, it can be known that silver flakes dis-

perse uniformly in the conductive adhesive; from the cross-

sectional images of silver nanowires conductive adhesive as

indicated in Fig. 2c, d, it can be found that silver nanowires

overlap fairly in the conductive adhesive. Though there is

crosslinking to some extent, the phenomenon of agglom-

eration does not appear in silver nanowires.

3.2 Electrical properties of conductive adhesive

As shown in Fig. 3, when the fillers content is too low, the

fillers are so dispersed in the resin that continuous con-

ductive path is hardly formed. Herein, the conductive

adhesive is non-conducting. When the contents of silver

nanowires and silver flakes increase to 20 wt% and

30 wt%, respectively, the conductive adhesive begins to

achieve electrical conductivity. Thus, it can be judged that

the percolation threshold of silver nanowires conductive

adhesive is between 30 wt% and 40 wt%, while that of the

silver flakes is about 40 wt%–50 wt%. When the fillers

content is lower than 52 wt%, the silver nanowires con-

ductive adhesive is lower than the micro-silver flakes

conductive adhesive but not vice versa.

3.3 Mechanical properties of conductive adhesive

Figure 4 shows that the tensile shear strength of silver

nanowires conductive adhesive increases when more silver

nanowires were added to the sample, while that of the

silver flakes conductive adhesive tends to increase at first

and then starts to drop and reaches the maximum value at

Fig. 1 SEM images of a as-synthesized silver nanowires and b silver flakes
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60 wt%. Besides, the tensile shear strength of silver

nanowires conductive adhesive is always higher than that

of the silver flakes conductive adhesive.

3.4 Conductive mechanism study

The bulk resistivity of conductive adhesive is greatly

dependent on the species, morphology and size. According

to the ‘‘percolation threshold theory’’, the conductive fillers

need to form a conducting path in order to establish the

conductivity. When the proportion of the fillers content in

insulating polymer matrix reaches a critical value, at which

all conductive fillers are supposed to contact each other and

form more sufficient three-dimensionally interconnected

conductive network from simple conductive path, a dra-

matical decrease will occur [17, 18]. At low fillers content,

roughly above 30 % but below 50 %, the specific surface

area of silver nanowires is larger, which means that they

might more easily contact each other to form conductive

networks; furthermore, on the basis of ‘‘tunneling effect

theory’’, silver nanowires containing some nanometer-

sized Ag particles can penetrate the potential barrier and

Fig. 2 SEM cross-sectional images of silver flakes/nanowires with different densities on conductive adhesive: a 40 wt% silver flakes, b 60 wt%

silver flakes, c 40 wt% silver nanowires, and d 60 wt% silver nanowires

Fig. 3 Effects of content and morphology of conductive fillers on

bulk resistivity of conductive adhesive

Fig. 4 Effects of content and species of conductive fillers on tensile

shear strength of conductive adhesive
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reach the next particle at some distance to form a con-

ductive channel in some area where silver nanowires can-

not contact [19], so the electrical property of silver

nanowires conductive adhesive is better than that of silver

flakes. As the fillers content is high, the fillers connect

more closely to each other. The conductive networks in

conductive adhesive filled with silver flakes have less

contact points and more contact areas than that filled in

silver nanowires, which have more contact lines and con-

tact points that result in a higher constriction resistance.

Therefore, silver flakes conductive adhesive has a better

electrical conductivity at high filler content. Figure 5

shows the contact state of different morphologies of con-

ductive fillers.

3.5 Mechanical properties study

Since silver nanowires have a fibroid shape, they could

more easily contact with the resin and be wetted by the

resin [20] and do not break the succession of the resin

matrix. Moreover, in a certain range, the addition of

nanometer-sized Ag particles can enlarge the contact area

efficiently, which implies that it can decrease the bulk

resistivity and enhance the tensile shear strength simulta-

neously. Meanwhile, the small size effect of nanomaterials

plays a significant role as well. It is well known that

nanomaterials have a large interface whose atomic

arrangement is rather disordered, making atoms transfer

much more easily under the circumstance of the deforma-

tion of external force. This without doubt will endow the

conductive adhesive with a particular toughness and duc-

tility. Therefore, the tensile shear strength of silver nano-

wires conductive adhesive increases with the increase in

silver nanowires content. However, when there are too

many silver flakes, they cannot be wetted by the resin,

which can generate gaps or air holes on the fillers interface,

leading to discontinuity of the resin matrix. The stress

caused by external load on the composite materials do not

arrange uniformly, which would give rise to the craze of

the conductive adhesives once the local stress concentrates.

As a consequence, the tensile shear strength of silver flakes

conductive adhesive has a tendency to increase at first and

then start to drop.

4 Conclusion

In this work, silver nanowires were prepared with a high

slenderness ratio via an alcohothermal method. Using these

silver nanowires as conductive fillers, a novel conductive

adhesive was developed. The preliminary results show that

silver nanowires conductive adhesive has a percolation

threshold lower about 10 % than that of micro-silver flakes,

which is beneficial to saving materials and lowering the

costs. In addition, the mechanical properties of silver

nanowires conductive adhesive are better than those of

silver flakes conductive adhesive, and the tensile shear

strength of silver nanowires conductive adhesive increases

with the increase in silver nanowires’ content. Electrical

conductivity and mechanical properties can be guaranteed.

In contrast, as for silver flakes conductive adhesive, when

the fillers content exceeds 60 wt%, its tensile shear strength

will decrease, which means that it cannot have both good

electrical conductivity and mechanical properties.
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