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Abstract
This study is focused on preparation of electrically conductive nanocomposite adhesive based on epoxy resin as polymeric 
matrix and nanocarbon black as conductive filler. For this purpose, commercial nanocarbon black was chemically modified 
by oxidizing acids and then was coated with silver nanoparticles. Nanocarbon black samples with different percentages of 
conductive filler were synthesized and used in preparation of nanocomposite adhesives. Electrically conductive adhesive 
with optimum properties was the one containing 30 wt% of conductive filler with bulk resistance of 0.0364 Ω cm and lap 
shear strength of 6.77 MPa. SEM images showed that good conductive paths are generated in polymer matrix. Also, weight 
reduction percentage during thermal gravimetric analysis was from 88.71 to 51.31% and degradation temperature was 
increased from 200 to 340 °C, which showed an improvement in thermal stability with an increment in filler percentage.

1 Introduction

Electrically conductive adhesive consists of polymeric 
matrix filled with conductive fillers. Using electrically con-
ductive adhesives is a technique for internal joint that is 
harmless for environment. One of the most important chal-
lenges in the electric and electronic industries is the topic 
of joints in parts and microchips. Using lead solder was and 
still is the most common way of jointing electronic parts 
to manufacture a device. Due to extreme toxicity of lead 
for environment and harmful effects of its vapor for human 
health, Japan and European countries have serious bans for 
production of such materials.

Electrically conductive adhesives are very popular since 
their production reaction is not toxic, they are cost effec-
tive and their production procedure requires relatively lower 
temperature to cure. Due to their higher flexibility compared 
to solder, they are less sensitive to thermo-mechanical ten-
sions. Also, in comparison to solder, these adhesives have 
higher precision for ultra-small internal joints, which is due 

to the dimension of particles used in their generation. These 
materials have high heat conductivity, adequate purity, 
exceptional jointing strength and uniform production line. 
While having all these advantages, electrically conductive 
adhesives have some disadvantages compared to solder. For 
instance, their conductivity may be lower than solder, their 
compounds are more sensitive in type and quality and curing 
time is higher.

Ideal polymeric matrix for an electrically conductive 
adhesive must have long lasting life, rapid curing, relatively 
high glass transition temperature, low moisture absorption 
and proper adherence [1–4]. Electrically conductive adhe-
sives can be thermoplastic or thermoset. Unlimited usage 
lifetime in room temperature and reusability are features of 
electrically conductive adhesives based on thermoplastic 
polymers. Electrically conductive adhesives based on ther-
moset polymers are resistant to shape change at very high 
temperatures. Most of thermosets do not require a solvent.

Most of the commercial electrically conductive adhesives 
are based on thermoplastic resins [5–9]. Epoxy resins are the 
most commonly used resins in the formulation of this type of 
adhesives since they own advantageous features. Silicones, 
cyanate esters and cyanoacrylates are also used in the formu-
lation of isotropic electrically conductive adhesive [10–15]. 
Electrically conductive adhesives’ formulation consists of 
resin, conductive filler, curing factor and additives. Poly-
meric resin provides mechanical and physical properties of 
electrically conductive adhesives and filler particles provide 
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electrical conductivity properties. Electrically conductive 
adhesives’ efficiency depends highly on filler loading value, 
its type and polymeric matrix. Two main categories of elec-
trically conductive adhesives are isotropic and non-isotropic 
electrically conductive adhesives [16]. Isotropic electrically 
conductive adhesives are conductive in all directions and 
filler concentration is higher than percolation threshold 
in their structure which causes electrons to move in every 
direction. There are two conductivity paths for Isotropic 
electrically conductive adhesives. One is natural conductiv-
ity which is due to particle to particle contact in polymeric 
matrix. Second is percolation, which consists of transport of 
brought electron to the environment by electron’s quantum-
mechanical tunneling between particles that are adequately 
close, so they can cause a possibility of matrix di-electric 
breakdown. These conduction mechanism schemes are 
shown in Fig. 1a, b and schematic illustration of the prepared 
epoxy/CB–Ag nanocomposite adhesive is shown in Fig. 1c. 
Conductivity of isotropic electrically conductive adhesives 

depends on uniform distribution of filler particles to shape 
the conductivity path in polymer matrix [3, 17–21]. Filler 
fraction in non-isotropic electrically conductive adhesives 
is 0.5–5% which is much lesser than percolation threshold 
used in isotropic electrically conductive adhesives. Conduc-
tive fillers are separated from each other, so they can move 
the electrons only in one direction. Curing process of these 
adhesives is usually done by applying high pressure along 
with heating. Thus, there is no continuous electrical conduc-
tivity path in non-isotropic electrically conductive adhesives 
before jointing [22–25].

In this work, epoxy resin and chemically modified 
nanocarbon black were used as polymeric matrix and for 
achieving proper conductivity with lower percent of filler, 
respectively. Nanocarbon black was chemically modified 
via oxidizing inorganic acids and was coated with silver as 
a conductive filler. Finally, mechanical properties and heat 
stability of samples were investigated, and their surface mor-
phology were studied using scanning electron microscopy 

Fig. 1  Two conduction mechanism schemes in isotropic electrically conductive adhesives, a electron hopping, b electron tunneling and c sche-
matic illustration of the prepared epoxy/CB–Ag nanocomposite adhesives
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(SEM) and analyses such as Fourier transform-infrared spec-
troscopy (FTIR), atomic absorption spectroscopy (AAS), 
thermal gravimetric analysis (TGA), lap shear strength, elec-
trical resistance measurement were carried out to character-
ize properties of prepared samples.

2  Experiments

2.1  Materials

Materials used to prepare electrically conductive adhesives 
are: sodium borohydride 96%  (NaBH4), sulfuric acid 98% 
 (H2SO4), nitric acid 65%  (HNO3), ammonia solution 25% 
 (NH3) and silver nitrate solution  (AgNO3). All materials 
were purchased from Merck, Germany. Ethanol was supplied 
by Chem. Lab. company. Commercial nanocarbon black 
powder (42 nm) was bought from Exir Co., Austria. Resin 
epoxy, type bisphenol A (DGEBA, RL441), and aminic 
hardener (Y441) were supplied by Pars Composite company. 
All reagents were used without further purification.

2.2  Chemical modification of nanocarbon black

In this method, modification of commercial nanocarbon 
black was carried out using inorganic acids, such as sulfuric 
acid  (H2SO4) and nitric acid  (HNO3) by generating acidic 
functional group (–COOH) on nanocarbon black surface, 
which was investigated using FTIR spectrum. To study the 
morphology of nanocarbon black, SEM images were taken 
[26]. Chemical modification was done using reflux method. 
2 g of commercial nanocarbon black was weighed and trans-
ferred into a 500 ml, three neck flat bottom flask. 125 ml of 
nitric acid (20 vol%) and 125 ml of sulfuric acid (20 vol%) 
were also added. To stabilize the temperature of the mix-
ture at 110 °C it was stirred for 4 h in an oil bath. It should 
be noted that before the reflux, the mixture was treated by 
nitrogen gas for 10 min. Modified product was washed by 
distilled water to eliminate nitrate and sulfate, so the pH of 
the solution reaches 7. Finally, the solution was put in oven 
at 80 °C for 24 h [26].

2.3  Silver coating of chemically modified 
nanocarbon black

To coat chemically modified nanocarbon black with silver, 
initially, 0.08 g of chemically modified nanocarbon black 
by acid was transferred into an erlenmeyer flask and 300 ml 
distilled water was added. Erlenmeyer flask was put in an 
ultrasonic bath at 30 °C for 15 min, so nanocarbon black 
particles are completely separated. Erlenmeyer flask was put 
on a magnetic stirrer, so the mixture is completely mixed. 
Then, 3.36 ml of 0.1 M silver nitrate titrasol was poured into 

a flask and was brought up to the volume of 100 ml with dis-
tilled water. Silver nitrate solution was added to erlenmeyer 
flask on the magnetic stirrer and the sample was mixed 
for 20 min. 1.36 g of sodium borohydride as silver nitrate 
reduction agent was transferred into another erlenmeyer flask 
and 12 ml of distilled water was added. Sample was mixed 
completely so sodium borohydride is dissolved in water 
and a homogeneous solution is achieved. The erlenmeyer 
flask was transferred to an ice bath. After 20 min of stirring 
nanocarbon black with silver nitrate solution, the final solu-
tion was transferred to an oil bath and its temperature was 
kept constant at 70 °C. Sodium borohydride solution was 
added to this erlenmeyer flask gradually. Afterwards, 5 ml 
of ammonia solution (25 vol%) was added to the erlenmeyer 
flask gradually, so the pH of solution reached 11 and it was 
stirred for 1 h. Then, the solution was filtered and washed 
with distilled water and ethanol, so pH of the filtered solu-
tion reached 7, finally the solid residuals were put in oven 
at 40 °C for 12 h [27]. It should be noted that all the steps 
mentioned above were repeated using two times more silver 
nitrate and sodium borohydride to coat twice the times silver 
on chemically modified nanocarbon black.

2.4  Preparation of electrically conductive 
nanocomposite adhesives

To prepare the electrically conductive nanocomposite 
adhesives, a precise amount of epoxy resin was transferred 
into a beaker and the exact amount of conductive filler was 
transferred into another beaker and 20 vol% ethanol was 
added. The beaker was put in an ultrasonic bath for 20 min. 
Then mixture was stirred for 20 min. The contents of this 
beaker were poured in the beaker containing epoxy resin 
and it was put in an ultrasonic bath and on a magnetic stir-
rer, for 20 min each, to get a homogenous mixture. After 
these steps, primary curing is required to eliminate the sol-
vent. To do so, the mixture was put in the oven at 70 °C for 
30 min. After primary curing, 10 wt% resin hardener was 
added to the beaker and the mixture was stirred to get to 
the gel time, which depends on conductive filler and resin 
hardener amounts. Adhesive sample was used for mold-
ing in silicon frames and for adhering parts. For curing of 
adhesive, samples were kept in oven for 1 h at 140 °C and 
afterwards they were kept at room temperature. In this study 
initially samples having 1, 3, 5, 10, 15, 20, 25, 30, 35 and 
40 wt% of modified nanocarbon black were prepared and 
conductivity tested. Then samples with 10, 15, 20, 25, 30 
and 40 wt% of modified nanocarbon black were coated with 
silver. Finally, the optimum sample was chosen and the fur-
ther analysis, the mechanical and heat properties, were car-
ried out. Tables 1 and 2 summarize the different types of 
electrically conductive nanocomposite adhesives in terms 
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of chemically modified nanocarbon black and Ag coated 
nanocarbon black filler content.

2.5  Characterization methods

2.5.1  Fourier transforms infrared (FT‑IR) spectroscopy

The chemical structures of chemically modified nanocar-
bon black and Ag coated nanocarbon black conductive fill-
ers were investigated by FTIR spectroscopy (Tensor 27, 
Bruker, Germany). Samples were mixed with KBr powder 
and pressed to disk. The scanning range of samples by IR 
spectra was from wave number of 400–4000 cm−1. Each one 
of measurements were accomplishing at room temperature.

2.5.2  Atomic absorption spectroscopy (AAS)

Atomic absorption spectroscopy (AAS) is a spectroanalyti-
cal procedure for the quantitative determination of chemical 

elements using the absorption of optical radiation (light) by 
free atoms in the gaseous state. In this work, flame AAS was 
used to determine the amount of silver coated on chemically 
modified nanocarbon black by using the atomic absorption 
spectroscopy equipment (nov-AA® 400, Germany).

2.5.3  Scanning electron microscopy analysis (SEM)

The surface morphology and particle size of the pristine 
nanocarbon black, Ag coated nanocarbon black conductive 
fillers and electrically conductive nanocomposite adhesives 
were evaluated with using energy dispersive X-ray analysis 
(EDXA) and field emission scanning electron microscopy 
associated with them. Nanocomposite adhesive specimen 
for the SEM observations was prepared by freezing the dry 
membrane sample in liquid nitrogen up to 10 min and break-
ing it to produce a fresh cross-section. Fresh cross-sectional 
cryogenic fractures of the film were vacuum sputtered with a 
thin layer of gold (Au) using an ion sputtering before observ-
ing on the scanning electron microscope (FE-SEM MIRA3 
FEG-SEM, Tescan, Czech Republic) with a potential of 
300 V to 20 kV. To determine the pristine and Ag coated 
nanocarbon black fillers’ distribution along the nanocom-
posite adhesives in cross-section of these sheets, the elemen-
tal profiles across the sample thicknesses was obtained by 
energy dispersive X-ray analysis (EDXA) by Oxford Instru-
ments Microanalysis model 7718 INCA PentaFET.

2.5.4  Measurement of electrical resistivity

Various models and methods have been suggested to meas-
ure the electrical resistance. Factors affecting the suitability 
of various methods and precision attainable include contact 
resistance and shape of the sample. Among the methods, 
two-point probe method can be used for higher resistive 
samples and four-point probe method can be used for the 
low resistive and single crystals. In this work, we used the 
two-point probe method for measuring the electrical resistiv-
ity of the conductive nanocomposite adhesives. The dimen-
sions of the sample sheets were 25 × 10 × 1 mm (1 mm: the 
thickness of sample sheet). These rectangular samples were 
sandwiched between two cooper foils and then the electri-
cal current was conducted between two sides of sample. 
The electrical resistivity was measured continuously by 
using a digital multimeter (Afzar Azma Electronic, GDM-
8034, Iran) at room temperature. The measured electrical 
resistivities (R) were converted into specific resistivity (ρ) 
in terms of Ω cm, by using simple geometric calculation: 
ρ = R (W × t/L). In this equation, W was the wide, L the 
length and t the thickness of test sample. Finally, the elec-
trical conductivity (σ) obtained as reciprocal of ρ (σ = 1/ρ) 
[28].

Table 1  Different types of electrically conductive nanocomposite 
adhesives in terms of chemically modified nanocarbon black contents

Sample no. Resin epoxy (wt%) Nanocarbon 
black (wt%)

1 100 –
2 99 1
3 97 3
4 95 5
5 90 10
6 85 15
7 80 20
8 75 25
9 70 30
10 65 35
11 60 40

Table 2  Different types of electrically conductive nanocomposite 
adhesives in terms of Ag coated nanocarbon black filler contents

Sample no. Resin 
epoxy 
(wt%)

Conductive 
filler (wt%)

Ag coated nano-
carbon black 
(CB wt% + Ag wt%)

5-1 90 10 7.5 + 2.5
5-2 90 10 5 + 5
6-1 85 15 11.25 + 3.75
6-2 85 15 7.5 + 7.5
7-1 80 20 15 + 5
7-2 80 20 10 + 10
8-1 75 25 18.75 + 6.25
9-1 70 30 15 + 15
11-1 60 40 20 + 20
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2.5.5  Lap shear strength test

The standard test method for apparent shear strength of sin-
gle-lap-joint adhesively bonded metal specimens by tension 
loading (metal-to-metal) were carried out by using ASTM 
D1002. Analysis were carried out using mechanical test’s 
universal equipment (Santam, STM-20 model, Iran) by rate 
of 5 mm/min cross-head velocity. Based on this standard, 
two metal parts with following characteristics were prepared. 
They were made of aluminum type 209 B and length, width 
and depth of the parts were 100, 25.4 and 2 mm, respec-
tively. To prepare the parts for joint, initially, the aluminum 
parts were washed with sulfuric acid (5 wt%). Then, the 
cross section of two parts were glued with the electrically 
conductive adhesive prepared and was put in the oven at 
140 °C for 1 h to cure. Length and depth of the part covered 
with the adhesive was 12.5 and 0.8 mm, respectively. To 
facilitate connection of samples to the pins of mechanical 
test apparatus, the edges of sample were attached to square 
pieces, made from same material.

2.5.6  Thermal gravimetric analysis (TGA)

Thermal properties of electrically conductive adhesive 
samples were determined by thermogravimeteric analysis 
(TGA). Thermogravimetric analysis (TGA) was investigated 
using a Linseis Instrument (A 1750) at heating rate of 10°C/
min to 600 °C and air atmosphere. The sample weight was 
15–20 mg in each run.

3  Results and discussion

3.1  Fourier transforms infrared (FT‑IR) spectroscopy

To study the oxidation and modification of commer-
cial nanocarbon black using inorganic acids like sulfuric 
acid and nitric acid by generating acidic function group 
(–COOH) on nanocarbon black surface, FT-IR spectrum 
analysis was carried out on the pristine and modified powder 
nanocarbon blacks. The analysis was done in the range of 
4000–400 cm−1 wavenumbers. The FT-IR measurements of 
several types of nanocarbon black samples are represented in 
Fig. 2. Figure 2a shows the FT-IR spectrum of commercial 
nanocarbon black and Fig. 2b depicts the FT-IR spectrum 
of modified nanocarbon black with inorganic acids. In graph 
b, the peak seen in wavenumber range of 3650–3200 cm−1 
is related to stretch vibrations of OH groups, in which OH 
peak appears in wave number of 3333 cm−1. The peak has 
been shown in the region of 1750–1705 cm−1 is related to 
stretch vibrations of C=O double bond groups of carbox-
ylic and carbonyl group, and this peak is appeared in the 
wave number of 1731 cm−1. The peak has been shown in the 

range of 1570–1550 cm−1 is related to stretch vibrations of 
strong C=C aromatic bond appeared in the wave number of 
1543 cm−1. Whole spectrum found to be in good agreement 
with the results available in the literature [26]. Rectangular 
frame drawn in the graph shows the area of carboxylic peak; 
there is no peak for graph ‘a’ but there is a carboxylic peak 
for graph ‘b’. This is demonstration of good oxidation and 
modification of commercial nanocarbon black using men-
tioned acids.

3.2  Flame atomic absorption spectroscopy (FAAS)

Flame atomic absorption spectroscopy was used to deter-
mine the amount of coated silver on the surface of chemi-
cally modified nanocarbon black. The FAAS results showed 
that the amount of coated silver on chemically modified 
nanocarbon black are 25 and 50 wt% depending on two dif-
ferent amount of silver nitrate solution concentration were 
used.

3.3  Scanning electron microscopy analysis (SEM)

To investigate the morphology of different types of nano-
carbon blacks, SEM micrographs were conducted, and the 
morphology of these samples is shown in Fig. 3. In this fig-
ure, SEM images of commercial nanocarbon black with two 
different magnifications have been shown. In Fig. 3a, b, the 
commercial carbon black nanoparticles are in the form of big 
and spherical agglomerates. While, Fig. 3c, d show the SEM 
images of nanocarbon black that is chemically modified via 
acid and is also silver coated with two different magnifica-
tions show the modification and coating process has caused 
agglomerates to become smaller. Modification of nanocar-
bon black with both oxidizing acids and Ag coating leads 
to a similar degree of agglomeration in the particles. Acidic 
function groups are the reason of decreasing agglomeration 

Fig. 2  FTIR spectra of (a) commercial and (b) acid modified nano-
carbon black powder samples
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surface area significantly, which causes better stability, dis-
tribution and joint of nanocarbon black in the matrix [26].

The cross-sectional morphology of prepared conductive 
nanocomposite adhesives and quality of Ag coated nanocar-
bon black dispersion into epoxy resin matric were conducted 
by SEM–EDXA measurements and the morphology of these 
adhesives is shown in Fig. 4. In this figure, the SEM images 
of cured epoxy resin, conductive nanocomposite adhesive 

with 20, 30 and 40 wt% of modified nanocarbon black that 
is coated with silver are given (samples with numbers of 7-2, 
9-1 and 11-1 respectively in Table 2). It can be seen from 
Fig. 4a; the cross-section of the cured epoxy resin reveals 
the smooth and homogenous structure of adhesive with no 
conductive filler. Whereas, in the microstructure of con-
ductive nanocomposite adhesive with 20 wt% of modified 
nanocarbon black that is coated with silver (CB 10% + Ag 

Fig. 3  SEM of a and b commercial nanocarbon black, c and d Ag coated chemically modified nanocarbon black with 50 wt% Ag with different 
magnification
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10%) in Fig. 4b, the formation of conductive paths is not 
performed because of the particles in the matrix of epoxy 
resin are not enough. Density of nanocarbon black disper-
sion into epoxy resin matrix is low which leads to higher 
electrical resistance. In Fig. 4c agglomeration of conduc-
tive particles are completely visible and distribution density 
of particles is lower compared to previous samples. In this 
sample, it was able to create conductive paths and electrical 
resistance is decreased very well. Finally, Fig. 4d depicts the 
electrically conductive adhesive with 40 wt% of modified 
nanocarbon black that is coated with silver (CB 20% + Ag 
20%). In this case, conductive paths are not adequate which 

is due to generation of agglomerates and distribution density 
of particles is not uniform which leads to higher electrical 
resistance compared to previous sample.

Also, the dot-mapping of SEM images for two conduc-
tive nanocomposite adhesives with 30 and 40 wt% of Ag 
coated nanocarbon blacks performed and the distribution 
of different elements into polymer matrices is shown in 
Fig. 5. The elemental analysis of silver (Ag) and carbon 
(C) on the cross-section of the adhesive samples can facili-
tate better estimation of distribution of Ag coated nanocar-
bon black particles in the nanocomposite adhesive matrix. 

Fig. 4  SEM images of a cured epoxy resin, b conductive nanocom-
posite adhesive with 20  wt% of modified nanocarbon black that is 
coated with silver (CB 10% + Ag 10%), c conductive nanocomposite 
adhesive with 30  wt% of modified nanocarbon black that is coated 

with silver (CB  15% + Ag  15%) and d conductive nanocomposite 
adhesive with 40  wt% of modified nanocarbon black that is coated 
with silver (CB 20% + Ag 20%)
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Figure 5a shows that the silver and carbon element have 
a very uniform distribution along the cross section of the 
conductive nanocomposite adhesive with 30 wt% of Ag 
coated nanocarbon black (CB 15% + Ag 15%) which indi-
cates a good distribution of these particles in this nano-
composite epoxy resin matrix. This implies that Ag coated 
nanocarbon black particles are not recrystallized into large 
particles after incorporating with epoxy. But in the Fig. 5b 
the agglomeration formation of Ag coated nanocarbon 
blacks are seen in the epoxy resin matrix and then the 
lower resistivity of nanocomposite adhesive is resulted.

3.4  Measurement of electrical resistivity

Although electrical conductivity in conductive polymeric 
systems is measured usually by the four-probe method, how-
ever, we measured electrical conductivity of the conductive 
nanocomposites by using a different method. We used test 
samples described in preparation of the reference materials 
section for the electrical measurements. The method is usu-
ally used for the electrical measurements of the polymeric 
materials filled with conductive fillers. The possibility of 
using common electrical measurement tools such as an ohm-
meter, ease of preparation of the test samples, and facile 

Fig. 5  Dot-mapping of SEM images of a conductive nanocomposite 
adhesive with 30  wt% of modified nanocarbon black that is coated 
with silver (CB 15% + Ag 15%) and b conductive nanocomposite 

adhesive with 40  wt% of modified nanocarbon black that is coated 
with silver (CB 20% + Ag 20%)



11848 Journal of Materials Science: Materials in Electronics (2018) 29:11840–11851

1 3

investigation of the conductivity–temperature behavior is 
among the advantages of the method. Table 3 summarizes 
the room temperature electrical and specific resistivity (R 
and ρ) measured for different conductive nanocomposite 
adhesives. The measured electrical properties in Table 3 for 
each sample four replications were performed, and the mean 
value of each sample is reported in Table 3.

As it can be seen in the Table 3, initially critical con-
centration and percolation threshold of chemically modi-
fied nanocarbon black are investigated to find the optimum 
value for silver because of the economical restrictions of 
silver. As conductivity is function of modified nanocarbon 
black, the data in Table 3 show that adhesive matrix is non-
conductive when having low concentration of nanocarbon 
black. But it shows lower conductivity in critical concentra-
tion of carbon black (5 wt%). Conductive elements generate 
the conductive paths by physical contact or electron trans-
port (tunneling). Percolation threshold was observed in the 
range of 15–20 wt%, where a little increment in nanocarbon 

black concentration leads to a high effect in conductivity. 
An increase in nanocarbon black content to more than per-
colation threshold (25 wt%) leads matrix to its conductivity 
paths and generation of conductivity network and decrease 
in resistance. After this range, nanocarbon black increment 
did not cause any high increase in conductivity. So, a deci-
sion was made to use silver in the percolation threshold 
range of nanocarbon black to increase conductivity [29]. 
Table 4 summarizes the room temperature electrical and spe-
cific resistivity (R and ρ) measured for different conductive 
nanocomposite adhesives filled with Ag coated nanocarbon 
blacks. The measured electrical properties in Table 4 for 
each sample four replications were performed, and the mean 
value of each sample is reported in Table 4.

As it can be seen in Table 4, by increasing conductive 
nanofiller content into epoxy resin matrix, the electrical 
conductivity of adhesive samples slightly increased but not 
satisfied and not the value of our expectation. The adhe-
sive sample containing 30 wt% conductive nanofiller (CB 
15% + Ag 15%) resulted in desired electrical conductiv-
ity, because the well distribution of filler and generation of 
conductivity bridges between non-binding particles are the 
reason of this decrease in resistance, which decreases tun-
neling resistance in electrically conductive adhesive matrix. 
Also, more increment of conductive filler percentage in the 
adhesive sample with 40 wt% (CB 20% + Ag 20%) resulted 
in more agglomeration of filler particles and the mechani-
cal and electrical properties of nanocomposite adhesive 
decreases. Also, by increasing the filler percent, prepara-
tion of electrically conductive adhesive encounters some 
problems like rapid drying, not a uniform distribution and 
difficult molding process [29]. Figure 6 shows the effect of 
silver coating on chemically modified nanocarbon black sur-
face on electrical conductivity of conductive nanocomposite 
adhesives in comparison with the adhesives with no coat-
ing. As it can be seen in Fig. 6, the positive effect of silver 
coating on increasing electrical conductivity and decreasing 
resistivity is proved.

Table 3  Electrical resistivity (R) and specific resistivity (ρ) of differ-
ent types of electrically conductive nanocomposite adhesives in terms 
of chemically modified nanocarbon black filler contents

Sample no. Resin 
epoxy 
(wt%)

Nanocarbon 
black (wt%)

Electrical 
resistivity, R 
(Ω)

Specific resis-
tivity, ρ (Ω cm)

1 100 – 2.14 × 1011 8.56 × 109

2 99 1 5.50 × 1010 2.20 × 109

3 97 3 7.00 × 108 2.80 × 107

4 95 5 5.20 × 105 2.08 × 104

5 90 10 1.70 × 104 6.80 × 102

6 85 15 3.59 × 103 1.44 × 102

7 80 20 1.13 × 103 4.52 × 101

8 75 25 9.60 × 102 3.84 × 101

9 70 30 4.50 × 102 1.80 × 101

10 65 35 4.40 × 101 0.18 × 101

11 60 40 4.83 × 101 0.19 × 101

Table 4  Electrical resistivity 
(R) and specific resistivity (ρ) 
of different types of electrically 
conductive nanocomposite 
adhesives in terms of Ag coated 
nanocarbon black filler contents

Sample no. Resin 
epoxy 
(wt%)

Conductive 
filler (wt%)

Ag coated nanocarbon 
black (CB wt% + Ag wt%)

Electrical resis-
tivity, R (Ω)

Specific 
resistivity, ρ 
(Ω cm)

5-1 90 10 7.5 + 2.5 1.574 × 104 6.296 × 102

5-2 90 10 5 + 5 1.4711 × 104 5.884 × 102

6-1 85 15 11.25 + 3.75 3.13 × 103 1.252 × 102

6-2 85 15 7.5 + 7.5 2.45 × 103 9.8 × 101

7-1 80 20 15 + 5 4.537 × 102 1.815 × 101

7-2 80 20 10 + 10 3.262 × 102 1.304 × 101

8-1 75 25 18.75 + 6.25 8.4 0.336
9-1 70 30 15 + 15 0.91 0.0364
11-1 60 40 20 + 20 2.43 × 101 0.972
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3.5  Lap shear strength analysis of electrically 
conductive adhesive

Lap shear strength of electrically conductive adhesive was 
measured after preparation of samples using universal 
mechanical test equipment. Samples used in this test con-
tained cured resin epoxy, electrically conductive adhesive 
with 15 wt% of modified nanocarbon black and electrically 
conductive adhesive with 30 wt% of modified nanocarbon 
black, coated with silver (CB 15% + Ag 15%). The results of 
lap shear strength analysis are reported in Fig. 7. Based on 
data, lap shear strength of pure resin epoxy is 12.19 MPa. 
Lap shear strength decreases to 6.51  MPa as result of 
increase in conductive filler and weakening of epoxy matrix 
due to weak interaction of filler and epoxy resin, are inevi-
table. Increment of conductive filler along with decrease of 

resin wt% and agglomeration, shear strength was decreased 
to 6.77 MPa which is in good agreement with the results 
available in the literature [30]. The high concentration of 
filler causes a decrease of the mechanical properties in terms 
of toughness, causing a rigid failure in the joint. The values 
were comparable to the lap shear strength values of com-
mercial adhesives.

3.6  Thermal gravimetric analysis (TGA)

To study the effect of nanocarbon black and Ag coated 
modified nanocarbon black addition into epoxy resin in 
conductive nanocomposite adhesives, thermal gravimetric 
analysis of these samples was carried out. The TGA ther-
mograms of neat epoxy resin, conductive nanocomposite 
adhesive with 15 wt% of chemically modified nanocar-
bon black and conductive nanocomposite adhesive with 
30 wt% of Ag coated modified nanocarbon black (CB 
15% + Ag 15%) as shown in Fig. 8. It was observed that 
epoxy resin starts to decompose at 200 °C and it com-
pletely degrades at 570 °C. Weight loss percentage for 
resin epoxy was 88.71%. Addition of chemically modi-
fied nanocarbon black to epoxy resin (15 wt% CB) causes 
a thermal decomposition which occurs at temperature 
of 340  °C and weight loss percentage for this sample 
is 71.2%. Electrically conductive adhesive containing 
30 wt% of Ag coated modified nanocarbon black (CB 
15% + Ag 15%) starts to thermally decompose at tempera-
ture of 340 °C. Weight loss percentage for this sample is 
51.31%. The TGA thermograms show that better thermal 
stability of nanocomposite adhesive compared to neat 
epoxy resin adhesive due to the introduction of nanofiller 

Fig. 6  Comparison of specific 
resistivity of in electrically 
conductive adhesive with nano-
carbon black filler, coated and 
non-coated with silver

Fig. 7  Lap shear strength analysis of prepared adhesive samples
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into polymer matrix. It is obvious from the graphs that 
the degradation of epoxy resin adhesive has a sharp slope 
compared to the nanocomposite adhesives which implies 
that the thermal stability of nanocomposite adhesives have 
improved than neat epoxy resin adhesive [31].

4  Conclusions

In this work, nanocomposite adhesive based on the epoxy 
resin filled with nanocarbon black filler, chemically modified 
and Ag coated nanocarbon blacks were prepared and their 
thermal and electrical properties were studied. FT-IR analy-
sis showed good oxidation and modification of commercial 
nanocarbon black using acids and this lead to better stability 
of nanocarbon black in epoxy resin matrix. SEM–EDXA 
analysis shows that the silver and carbon element have a very 
uniform distribution along the cross section of the conduc-
tive nanocomposite adhesive matrix. Flame atomic absorp-
tion spectroscopy showed that the amount of 25 and 50 wt% 
metallic silver has been coated on the surface of chemically 
modified nanocarbon black. Conductivity measurements 
depicted that the proper concentration of conductive filler 
is 30 wt% of Ag coated chemically modified nanocarbon 
black (CB 15% + Ag 15%) has a best specific resistivity of 
0.0364 Ω cm. The results of lap shear strength test showed 
that the increase of conductive filler cause a reduction in of 
lap shear strength adhesive. Lap shear strength of adhesive 
with 30 wt% of Ag coated chemically modified nanocarbon 
black (CB 15% + Ag 15%) is 6.77 MPa, which is accept-
able compared to commercially adhesives. The results of 
thermogravimetric analysis show an increment of thermal 
stability in nanocomposite samples. Weight loss and degra-
dation start temperature of electrically conductive adhesive 
were reduced and increased significantly.
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