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Abstract
For electrically conductive adhesives (ECAs), high electrical conductivity generally conflicts with excellent mechanical prop-
erties because electrical conductivity increases while desirable mechanical properties decrease with the increase in loading of 
conductive fillers or removal of lubricants on the silver filler surface. In this work, a method was developed to improve both 
the electrical conductivity and mechanical properties of the ECAs by introducing double bonds. Itaconic acid (IA) was used 
to replace the lubricant on the silver flake (Ag-F) surface, and acrylic acid (AA) was used as part of the ECA resin matrix. 
IA can replace the lubricant on the Ag-F surface, similar to other short-chain dibasic acids, to improve the ECA electrical 
conductivity. Furthermore, IA can be polymerized with AA to form covalent bonds between the silver flakes and the resin 
matrix, enhancing the mechanical properties of ECA. Compared with ECA filled with commercial silver flakes, the electrical 
conductivity of ECA filled with IA-treated silver flakes increased by ~ 21%, and the lap shear strength increased by ~ 29%.

1 Introduction

Electrically conductive adhesives (ECAs) are one of the 
most promising materials to replace tin/lead solder due to its 
advantages of lead-free content, rapid and simple develop-
ment process, low process temperature, and high resolution 
for fine-pitch interconnect [1–3]. ECA is an environmentally 
friendly interconnect material, widely used in the connec-
tion and packaging of integrated circuits, liquid crystal dis-
plays, light-emitting diodes, solar cells, and other electronic 
devices and modules [4–7]. Although the ECAs offer many 
advantages, they have not completely replaced the traditional 
solders using ECAs. The major obstacles are that the elec-
trical resistivity of ECAs is considerably higher than that 
of the solders, and the impact strength of ECAs is poorer, 
which limits the application of ECAs in advanced electrical 

packaging [8–10]. Therefore, it is necessary to improve the 
electrical conductivity and mechanical properties of ECAs.

ECAs comprise a resin matrix, which provides mechani-
cal strength and conductive fillers that offer electrical con-
duction [11, 12]. The effective electrical conductivity of 
ECA can be improved by adding conductive filler into the 
resin matrix, however, further increase in the amount of 
conductive filler does not lead to significantly increase the 
conductivity because the conductive network stabilizes after 
reaching the percolation threshold. Moreover, addition of 
the conductive filler deteriorates the mechanical properties 
and increases the viscosity, which negatively impacts the 
workability [13–15]. For silver-based ECAs, low conductiv-
ity is associated with the status of the silver filler surface. 
In order to prevent the aggregation of the silver filler and 
facilitate their dispersion into the resin matrix, majority of 
the commercially available silver fillers are covered with a 
long-chain fatty acid, which acts as a lubricant [16]. Unfor-
tunately, this lubricant layer is nonconductive; therefore, 
it acts as an energy obstacle for electron tunneling among 
the neighboring silver fillers and can considerably increase 
the overall resistivity of the ECA [17]. Consequently, many 
methods have been reported to improve the electrical con-
ductivity of the ECA by removing the lubricants such as 
in situ replacement of the lubricant by short-chain difunc-
tional acids (such as succinic acid and adipic acid) [18–20], 
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thermal decomposition of the lubricant [21–23] and iodina-
tion activation of the silver filler surface [24, 25]. However, 
the presence of long-chain fatty acids on the silver filler sur-
face can enhance the compatibility between the silver fillers 
and the resin matrix, and improve the mechanical strength 
by increasing the interaction between the silver filler and 
the resin matrix through the intermolecular force. As the 
lubricant is removed from the surface of the silver fillers, 
the ECA viscosity increases and the lap shear strength may 
decrease significantly [18, 21, 25, 26]. ECAs provide not 
only electrical connections but also mechanical support. 
The excellent mechanical properties and bonding reliabil-
ity of the ECAs provide the foundation for obtaining stable 
conductive performance and operational reliability in case 
of electronic products [27]. Adhesion strength is a crucial 
parameter of the ECAs; however, as mentioned above, there 
is an obvious contradiction between the conductivity and the 
adhesion strength. Therefore, the simultaneous improvement 
of the electrical conductivity and mechanical properties is a 
key challenge for ECAs.

In this work, short-chain difunctional acid containing 
an unsaturated double bond was used to in situ replace the 
lubricant on the silver flake surface, and acrylic acid (AA) 
was used as part of the resin matrix. The electrical conduc-
tivity of the ECA can be enhanced by removing the lubri-
cant from the surface of the silver flake. Furthermore, the 
interaction between silver flakes and resin matrix can be 
improved by the covalent bond that polymerized of the AA 
and the unsaturated short-chain difunctional acid to enhance 
the mechanical properties of the ECA. The possible mecha-
nism of this method is presented in Scheme 1.

2  Experimental

2.1  Materials

A commercial bisphenol A type epoxy resin (CYD 128, SIN-
OPEC Baling Company, part of the resin matrix), triethan-
olamine (98%, Aladdin Biochemical Technology Co., Ltd., 
curing regent of epoxy resin), acrylic acid (AA; AR, Tianjin 
Damao Chemical Reagents Factory, another part of the resin 
matrix), azo-dis-isobutyronitrile (AIBN, 99%, Aladdin Bio-
chemical Technology Co., Ltd., free radical polymerization 
initiator), acetone (AR, Guangzhou Chemical Reagent Fac-
tory, epoxy resin thinner and AIBN solvent), itaconic acid 
(IA; CP 99%, Aladdin Biochemical Technology Co., Ltd.), 
succinic acid (SA; AR, Tianjin Damao Chemical Reagents 
Factory), and anhydrous ethanol (AR, Guangzhou Chemical 
Reagent Factory) were used as received without any further 
treatment. Silver flake were purchased from Guangzhou 
Hongwu Materials Technology Co., Ltd.

2.2  Methods

2.2.1  Surface modification of silver flake

The silver flake was surface-modified with a 0.5 M solution 
of IA (or SA) in ethanol. The molar ratio of silver flake to 
acid was 1:1. The solution was sonicated for 90 min, and 
then allowed to stand for 20 h. The modified silver flake was 
subsequently purified twice by centrifuging at 2000 rpm for 
5 min in the presence of ethanol, followed by drying in a 
vacuum oven at 30 °C for 12 h.

Scheme 1  Schematic of ECAs property improvement via double-bond introduction
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2.2.2  Preparation of ECAs

ECA formulations were prepared by mixing precise quanti-
ties of silver flake with the resin matrix, which composed 
epoxy matrix (epoxy, triethanolamine, and acetone) and AA 
matrix (AA and AIBN). The mass ratio of epoxy matrix 
to AA matrix was 1:3. The epoxy resin, AA, and acetone 
were blended for 1 min in a vacuum rev-rot gravity mixer 
(VM300SA2, Mianyang Sinomix Science and Technology 
Co., Ltd). Next, the silver flake was added to the viscous 
paste and mixed for 5.5 min. Finally, triethanolamine and 
AIBN were added followed by mixing for another 1 min. 
The mass ratio of epoxy resin, triethanolamine, and acetone 
was 100:15:2, whereas that of AA to AIBN was 50:1. The 
silver flake loading of the ECA was 80% by weight.

All curing processes are performed in a box oven under 
air at 200 °C for 30 min.

2.2.3  Characterization

The morphologies of silver flakes and composites were stud-
ied by field emission scanning electron microscopy (SEM, 
HITACHI SU-8010). Energy dispersive X-ray spectroscopy 
(EDS) was used to analyze the quantitative element con-
tents of C, O, and Ag on the silver flake surface (HITACHI 
SU-8010). Further, the acceleration voltage was 20 kV, and 
the results were estimated based on the measurements con-
ducted at 3 measurement spots. The size distribution of sil-
ver flakes was studied using the laser diffraction particle size 
analyzer (Malvern Mastersizer3000). Differential scanning 
calorimetry (DSC, TA Q2000) was used to detect and char-
acterize the lubricants on the silver flakes and cured ECAs. 
For this purpose, the temperature was increased from 50 to 
400 °C at a heating rate of 10 °C/min. Raman spectra were 
obtained by the Raman spectrometer (HORIBA LabRam 
HR Evolution). The 633-nm line of the He–Ne laser was 
used for the experiments. X-ray photoelectron spectroscopy 
(XPS) measurements were carried out on a K-Alpha + X-ray 
photoelectron spectrometer (Thermo Fisher Scientific) with 
a Mono Al Kα X-ray source (1486.6 eV photons). The ther-
mal decomposition behavior of the lubricant on the silver 
flakes was characterized by thermogravimetric analysis 
(TGA Q50) under nitrogen. Further, the temperature was 
increased from 30 to 700 °C at a rate of 10 °C/min. The 
ECA resistivity was measured by a four-point probe meter 
(Nanjing Daming Instrument Co., Ltd. DMR-1C), and the 
resistivity ρ was calculated as follows:

where R and d denote the sheet resistance and thickness of 
the sample, respectively. The thickness of the cured samples 

(1)� = R × d,

was measured by a micrometer gauge, and the average sheet 
resistance and thickness of each sample were estimated 
based on the measurements conducted at five points on 
the sample surface. Three parallel samples were prepared 
for each ECA. The ECA samples for the lap shear strength 
test were prepared according to the National Standard of 
the People’s Republic of China GB7124-2008 (EQV ISO 
4587:2003). In accordance with this standard, the adhe-
sive was used to bond two stainless steel panels with the 
following dimension: thickness of 1.6 ± 0.1-mm, width of 
25 ± 0.25-mm, and length of 100 ± 0.25-mm. The bonding 
part on the sample was B = 12.5 ± 0.25 mm in width and 
L = 25 ± 0.25 mm in length. The prepared sample was cured 
at 200 °C for 30 min. The panels were pulled apart with an 
electronic universal testing machine (MTS, CMT4204) at a 
pull rate of 5 mm/min. Five parallel samples were prepared 
for each ECA, and the lap shear strength (τ) was calculated 
as follows:

where F is the force applied to break apart the bonded pan-
els, B is the width of the bonded area, and L is the length of 
the bonded area.

3  Results and discussion

Three types of silver flakes were prepared (Table 1): silver 
flake without any treatment, denoted as Ag-F; Ag flake 
treated with saturated SA, denoted as Ag-F–SA; and Ag 
flakes treated with unsaturated IA, denoted as Ag-F–IA.

3.1  Morphology and particle size distribution 
of silver flakes

The morphology and particle size of the silver filler con-
siderably influence the electrical conductivity and mechan-
ical properties of the ECA. The silver flakes were treated 
by sonication and centrifugation. We used SEM and the 
laser diffraction particle size analyzer to investigate the 
three aforementioned silver flakes to observe the changes 
in morphology and particle size. The results are presented 
in Fig. 1. The SEM images denote that the treated and 
untreated silver flakes exhibit similar morphologies, exhib-
iting an irregular shape with a diameter of approximately 
2 μm. There was no significant difference in the parti-
cle size distribution curves of the three silver flakes. This 
result suggests that the treatment has little effect on the 
morphology and the size distribution of the silver flakes.

(2)� = F∕(B × L),
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3.2  Characterization of organics on the surface 
of silver flakes

DSC is a convenient and reliable technique to character-
ize the lubricants on the silver flakes. Ag-F, Ag-F–SA, 
and Ag-F–IA were respectively studied by DSC in two 
different atmospheres: nitrogen  (N2) and oxygen  (O2). 
The results are shown in Fig. 2 and Table 2. An exother-
mic peak is observed for the sample under the oxygen 
atmosphere; however, it is absent for the sample under the 
nitrogen atmosphere. Furthermore, Ag-F, Ag-F–SA, and 
Ag-F–IA show exothermic peaks at different temperatures. 
This result indicates that the exothermic peaks are related 
to the oxidation process of the different organic materials 
on the surfaces of different silver flakes.

To characterize the chemical structures of the organic 
materials on the surfaces of silver flakes, Raman spectros-
copy was applied to investigate these three silver flakes. Fig-
ure 3a shows the spectra of Ag-F–SA, Ag-F, and SA. The 
bands at 2931, 1634, 1403, and 953 cm−1 in the Ag-F–SA 
spectrum can be attributed to C–H stretching, C=O stretch-
ing, C–H flexural, and C–COO− stretching vibrations, 
respectively. The band at 335 cm−1 can be attributed to the 
pseudocycle deformation vibration. This bond was reported 
by Moskovits and Suh to demonstrate that both carboxy-
late groups of succinic acid are bound to the silver surface 
[28]. Figure 3b shows the spectra of Ag-F–IA, Ag-F, and IA. 
The bands at 2931, 1591, and 1540 cm−1 in the Ag flakes-
IA spectrum can be attributed to C–H stretching, C=O 
stretching, and C=C stretching vibrations, respectively. 
Methylene twisting and wagging can be observed at 1295 

Table 1  Three types of silver flakes

Silver flakes Sample code Acid

Acid name Chemical structure

Commercial silver flake without any 
treatment

Ag-F × ×

Silver flake treated with SA Ag-F–SA Succinic acid

Silver flake treated with IA Ag-F–IA Itaconic acid

Fig. 1  SEM images of a Ag-F, 
b Ag-F–SA, and c Ag-F–IA. d 
size distribution of Ag-F, Ag-F–
SA and Ag-F–IA
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and 1362 cm−1, respectively [23]. The band at 636 cm−1 
can be attributed to the C=O deformation vibration of 
C=C–COOH. Thus, Raman results confirm that the SA and 
IA are adsorbed on the silver flake surface after treatment.

3.3  Organic content on the surface of the silver 
flakes

Organic matter is insulated, and the conductivity of the ECA 
is affected by the organic content on the surface of the silver 
flakes. TGA was used to detect the amount of organic mat-
ter on silver flakes. Figure 4 shows the weight loss of three 
silver flakes during heating. Ag-F denoted a weight loss 
of ~ 1% at temperatures of 150 to 300 °C; Ag-F–IA denoted 
a weight loss of ~ 0.7% at temperatures of 130 to 400 °C; and 
Ag-F–SA denoted a weight loss of ~ 0.5% at temperatures of 
130 °C to 400 °C. These results demonstrate the presence of 
a lubricant layer on the Ag-F surface. The mass of organic 

matter on the surface of the silver flake decreased after 
being treated with SA or IA. Ag-F–SA demonstrated the 
lowest total mass of organic matter. Furthermore, the mass 
of organic matter on the surface of Ag-F–IA was higher than 
that on the surface of Ag-F–SA.

EDS was used to detect the quantitative element content 
of the silver flakes before and after treatment (the detailed 
data are presented in Table 3) [29]. Ag-F contained 2.30 

Fig. 2  DSC curves of Ag-F, 
Ag-F–SA, and Ag-F–IA in a  N2 
and b  O2
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Table 2  DSC exothermic peaks and reaction heat of Ag flakes

Peak temperature (°C) Reaction 
heat (J/g)

Ag-F 241.5 119.2
Ag-F–SA 227.4 36.0
Ag-F–IA 196.7 53.1

Fig. 3  Raman spectra for a 
Ag-F–SA, Ag-F, and SA; b 
Ag-F–IA, Ag-F, and IA
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Fig. 4  TGA curves of (a) Ag-F, (b) Ag-F–SA, and (c) Ag-F–IA
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wt% of C, 0.31 wt% of O, and 97.39 wt% of Ag; Ag-F–SA 
contained 1.40 wt% of C, 0.22 wt% of O, and 98.38 wt% 
of Ag; and Ag-F–IA contained 2.06 wt% of C, 0.31 wt% 
of O, and 97.62 wt% of Ag. After treatment with IA, the 
carbon content of the silver flake decreased to 2.06 wt%. In 
case of SA, the decrease in carbon content was even more 
obvious. This result shows that the organic matter content 
on the surface of the silver flakes decreased after treatment. 
The residue amount of organic material on Ag-F–SA was 
minimal. These results agree with the TG test results.

The results demonstrate that the surface status of the 
silver flakes can be effectively changed via treatment. The 

organic content on the surface of the silver flakes is different 
after the treatment.

3.4  Interaction between short‑chain difunctional 
acids and silver flakes

To characterize the interaction between short-chain difunc-
tional acids and silver flakes, the surface chemical struc-
tures of Ag-F, Ag-F–SA, and Ag-F–IA were analyzed by 
XPS. Figure 5 shows the XPS spectra of the silver flakes. In 
case of Ag-F after treatment with short-chain difunctional 
acids, the C1s core-level spectra and O1s core-level spectra 
changed, indicating that the chemical environment on the 
surface of the silver flake was changed. The C1s core-level 
spectra of Ag-F–SA can be curve-fitted into three peak com-
ponents at binding energies of ~ 284.8, 286.3, and 288.1 eV, 
which can be attributed to the C–C, C–O, and C=O spe-
cies, respectively (Fig. 5f). The C1s core-level spectra of 
Ag-F–IA can be curve-fitted into four peak components at 
binding energies of ~ 284.7, 285.0, 286.4, and 288.0 eV, 

Table 3  Detailed quantitative element content of silver flakes

C/wt% O/wt% Ag/wt%

Ag-F 2.30 (± 0.13) 0.31 (± 0.01) 97.39 (± 0.14)
Ag-F–SA 1.40 (± 0.01) 0.22 (± 0.03) 98.38 (± 0.04)
Ag-F–IA 2.06 (± 0.43) 0.31 (± 0.01) 97.62 (± 0.44)
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Fig. 5  XPS spectra: a–d are wide-scan spectra, C1s core-level spec-
tra, O1s core-level spectra, and Ag 3d spectra of Ag-F, respectively; 
e–h are wide-scan spectra, C1s core-level spectra, O1s core-level 

spectra, and Ag 3d spectra of Ag-F–SA, respectively; and i–l are 
wide-scan spectra, C1s core-level spectra, O1s core-level spectra, and 
Ag 3d spectra of Ag-F–IA, respectively
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which can be attributed to the C–C, C=C, C–O, and C=O 
species, respectively (Fig. 5j). Generally, the C1s peak of the 
free carboxylic acid exhibits a binding energy that is greater 
than but close to 289 eV [30]. In Fig. 5f, j, no signal greater 
than but close to 289 eV is obviously present, indicating that 
there is no free carboxylic acid on the surface of Ag-F–SA 
or Ag-F–IA. Thus, the two carboxyl groups of SA and IA 
are coordinated to the silver flake surface. When the metal 
surface adsorbs the organic difunctional acid, there are two 
different coordination types between the carboxylate and the 
metal [31, 32]: (1) monodentate coordination, in which the 
C=O still exists, the two oxygen atoms of COO– are not 
equivalent, and there are two O 1 s peaks at binding ener-
gies of ~ 531 and 533 eV; (2) bidentate coordination, also 
known as chelation coordination, in which the two oxygen 
atoms of COO– are equivalent and there is a single O 1s 
peak at approximately 531 eV in the XPS spectra. The O 1s 
spectra of Ag-F–SA can be curve-fitted into two peak com-
ponents at binding energies of ~ 530.9 and 532.3 eV, which 
can be attributed to the C–O and C=O species, respectively 
(Fig. 5g). The O1s spectra of Ag-F–IA can be curve-fitted 
into two peak components at binding energies of ~ 530.9 and 
532.4 eV, which can be attributed to the C–O and C=O spe-
cies, respectively (Fig. 5k). Thus, SA and IA interact with 
the silver flake similarly, indicating that they are adsorbed 
on the silver flakes in monodentate coordination.

3.5  DSC analysis of the cured ECAs

The cured ECAs were studied using DSC under nitrogen 
atmosphere, and the results are presented in Fig. 6. An exo-
thermic process can be observed after 220℃ (Figs. 6b, 6d, 
and 6f). This exothermic process is exhibited by all ECAs 
that can be attributed to the decomposition of the resin 
matrix and the oxidation of silver. The ECAs containing 
Ag-F and Ag-F–SA undergo glass transition at 135–190 ℃ 
(Figs. 6a and 6c). However, the ECA containing Ag-F–IA 
did not exhibit the glass transition in this temperature range 
(Fig. 6e). Glass transition is a macroscopic manifestation of 
the movement of the polymer molecular segments. The glass 
transition temperature is the lowest temperature at which the 
molecular chain segment can move and its height is directly 
related to the molecular chain. In ECA containing Ag-F–IA, 
AA copolymerized with the IA adsorbed on the surface of 
silver flakes. Further, the movement of molecular segments 
was restricted owing to the coordination between IA and 
silver flakes. Therefore, the glass transition of the ECA con-
taining Ag-F–IA should be achieved at a high temperature. 
The resin matrix began to decompose at 220° C, hence, the 
glass transition process cannot be observed in the DSC curve 
of ECA filled with Ag-F–IA. This also indicates that the 
IA on the silver surface polymerizes with AA to achieve a 
covalent connection.

3.6  Bulk electrical resistivity and lap shear strength 
of the ECAs

Figure 7 depicts the bulk electrical resistivity and lap shear 
strength of the as-made ECAs. The electrical resistivity of 
the ECA filled with untreated silver flake is ~ 1.00 × 10−4 
Ω·cm. After the silver flake was treated with short-chain 
difunctional acids, the electrical resistivity of the ECAs sig-
nificantly decreased. The ECA filled with Ag-F–SA denoted 
an electrical resistivity of ~ 8.5 × 10−5 Ω·cm. Furthermore, 
the ECA filled with Ag-F–IA showed an lower electrical 
resistivity of ~ 7.9 × 10−5 Ω·cm. Compared to the ECA filled 
with Ag-F, the electrical conductivity of ECA filled with 
Ag flakes–IA increased to ~ 21%. The electrical property of 
ECA was expected to improve with the decreasing thickness 
of the lubricant layer because the lubricant on the silver flake 
surface was nonconductive [20, 33, 34]. After the Ag-F was 
treated with SA or IA, the amount of organic matter on the 
surface of the silver flake decreased. Therefore, the electri-
cal resistivity of the ECA filled with Ag-F–SA was lower 
than that of ECA filled with Ag-F, a similar phenomenon 
could be observed in case of ECA filled with Ag-F–IA. The 
electrical resistivity of ECA filled with Ag-F–IA was lower 
than for ECA filled with Ag-F–SA even though the amount 
of organic matter on Ag-F–IA was greater than on Ag-F–SA. 
This behavior may be attributed to the introduction of double 
bonds on the silver flake surface. This mechanism would 
increase the interaction between the silver flake and resin 
matrix, giving the ECA better effective electrical conduc-
tivity. As shown in Fig. 7, the ECA filled with Ag-F–IA 
showed the highest lap shear strength (8.97 MPa), followed 
by the ECA filled with Ag-F (6.94 MPa) and ECA filled 
with Ag-F–SA (4.73 MPa). The lap shear strength of the 
ECA filled with Ag-F–IA was enhanced by ~ 29% when 
compared with the ECA filled with Ag-F. This result can 
be attributed to the fact that ECAs are composite materials. 
Their mechanical strength is strongly correlated with the 
interaction between the conductive filler and resin matrix. 
In particular, the mechanical strength increases with the 
increasing strength of bonding (in this case chemical bond-
ing) between the filler and the matrix [35]. When ECA filled 
with Ag-F–IA was cured, the IA adsorbed on the silver flake 
and polymerized with the AA that constituted the resin 
matrix, forming chemical bonds between the conductive fill-
ers and resin matrix. In contrast, the interaction between the 
silver fillers and the resin matrix in the ECA filled with Ag-F 
was the intermolecular interaction of the long-chain fatty 
acids with the resin matrix. In the ECA filled with Ag-F–SA, 
this intermolecular force was even weaker. Therefore, the 
ECA filled with Ag-F–IA showed the highest lap shear 
strength. Furthermore, the ECA filled with Ag-F–IA provide 
improved electrical conductivity and mechanical support.
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4  Conclusion

The introduction of double bonds simultaneously improved 
the electrical conductivity and mechanical properties of 
the ECAs. Ag-F (long-chain fatty acids on the surface), 
Ag-F–SA (SA on the surface), and Ag-F–IA (IA on the sur-
face) were prepared and used as the conductive fillers of 
ECAs. AA was used as part of the ECA resin matrix, and the 
ECA filled with Ag-F–SA showed better electrical conduc-
tivity but poorer mechanical properties than ECA filled with 

Ag-F. However, the electrical conductivity of ECA filled 
with Ag-F–IA was 21% better than that of the ECA filled 
with Ag-F, and its lap shear strength was ~ 29% stronger than 
that of ECA filled with Ag-F. Similar to other short-chain 
difunctional acids, IA can replace the lubricant on the silver 
flake surface to improve the electrical conductivity of the 
ECAs. Furthermore, IA can be polymerized with AA in the 
resin matrix to form covalent bonds between the silver flake 
and the resin matrix, enhancing the mechanical properties 
of the ECAs.
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Fig. 6  DSC curves: a, b cured ECA filled with Ag-F; c, d cured ECA filled with Ag-F–SA; e, f cured ECA filled with and Ag-F–IA
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