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Abstract In this work, an effort has been made to
develop a new type of complex conductive adhesive filled
with silver decorated multi-walled carbon nanotubes (Ag-
MWCNT). MWCNTs have been modified using N, N-dime-
thyl formamide (DMF) as a reducing agent and silver nan-
oparticles (Ag-NPs) has been homogeneously decorated
against the surface. Fourier transform infra-red spectros-
copy (FTIR) and Raman spectroscopy concluded that car-
boxylic groups were anchored to the surface of nanotubes.
X-ray diffraction (XRD), transmission electron microscopy
(TEM) and energy-dispersive spectroscopy (EDS) con-
firmed that Ag-NPs were formed and uniformly deposited
onto the surface of carboxylic functionalized MWCNT.
Test results indicated an improvement in the thermal con-
ductivity up to 0.88 W/mK, which was about four-fold
increase over pristine epoxy. The curing kinetics of Ag-
MWCNTs reinforced epoxy adhesive system was also stud-
ied using non-isothermal differential scanning calorimetric
(DSC) technique. The activation energy obtained by Kiss-
inger’s method was reduced from 57.2 to 54 kJ/mol with
an addition of 0.5 wt% of Ag-MWCNT within unmodi-
fied epoxy. Lap shear strength of the adhesive contain-
ing 0.5 wt% of Ag-MWCNT was higher than the pristine
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polymer thus confirming reinforcing effect of Ag-MWCNT
in conductivity applications.

1 Introduction

Thermally conductive adhesives (TCAs) are significant
weapon in the war against heat raging within today’s pow-
erful electronic devices. TCAs with advanced performance
characteristics are extensively used as an alternative to
lead/tin solders in electrical and electronics binding appli-
cations. In particular, with the desire for making of supe-
rior interconnects in advanced packaging, nano-conductive
adhesives are becoming more vital due to the special elec-
trical, chemical, mechanical, magnetic and optical prop-
erties that nano-sized materials can possess. Therefore,
there has been an extensive research for the last few years
on the advances of nano-conductive adhesives that contain
nano-filler such as nanoparticles, CNTs and monolayer gra-
phenes [1, 2].

Epoxy based conductive adhesives are common inter-
face materials for electronic packaging due to their well-
known ability to accept wide range of fillers. Epoxy based
conductive adhesives are utilized in the fabrication of LEDs
attachment and computer machinery. A further application
consists of printed circuit board fabrication [3], advanced
material composites [4], die attachment and high tempera-
ture binding [5]. They are specially formulated for perma-
nent bonding to most surfaces such as metals, ceramics,
glass, plastics and paper products. Even though, low ther-
mal conductivity (T,) of epoxy resin limit its potential use
in various electronic applications. Different conductive fill-
ers possibly from carbon sources (graphite, carbon black,
carbon fibre and CNT) [6, 7], metallic (aluminium, silver,
copper and nickel) [8] or ceramics (boron nitride, silicon
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carbide, aluminium nitride and metal oxides) [9] have been
extensively used to enhance the conductivity of epoxy
based adhesives.

Nowadays carbon based fillers such as CNTs [10, 11],
graphite, graphene [12, 13] and reduced graphene oxide
[14] have been widely used as a conductive fillers for
improving the 7, of epoxy based adhesives. Among these,
CNTs have gained substantial awareness due to their high
aspect ratio and large surface area which can provide per-
colation at a very low concentration with improving con-
ductivity. However, high thermal resistance at the matrix-
filler interface and poor dispersion in the polymer matrix
limits its potential applications [15]. Numerous efforts have
been made by most of researchers to get a better conduc-
tivity of CNTs—polymer matrix composites including the
surface modification of CNTs [16, 17], alignment of CNTs
and decoration of CNTs with conductive fillers [10, 18].
Therefore, a great consideration has been attributed to the
decoration of CNTs exterior surface with metal nanoparti-
cles [19, 20]. Among them, silver nanoparticles (Ag-NPs)
[21] have gained substantial awareness due to their low cost
and high T upto ~429 W/mK [22]. However, a very small
number of information is available on the incorporation of
Ag-NPs decorated onto CNT surfaces. For utilization of sil-
ver decorated CNTs in structural materials, two main issues
need to be addressed: the agglomeration of silver decorated
CNT occurs due to long and zigzag shape of CNTs as well
as the Van-der Waals forces between them. Second, a weak
interface between the Ag-NPs and CNT surfaces due to
the hydrophobic nature of CNTs [23]. These consequences
were effectively resolved by integrating functionalization
of CNTs and ultrasonication technique which assists in de-
agglomeration of CNTs.

Functionalization of CNTs with carboxylic groups is
expected to increase the conductivity of polymer matrix
due to its effect on the CNT dispersion in the polymer
matrix and on the CNT—polymer interface. Still, there is
some dispute as to the effect of CNT functionalization on
the conductivity of polymer matrix. The observed trend
was explained by the fact, while functionalization increases
the coupling between CNTs and polymer matrix it also
results in the formation of defect sites during oxidation,
consequently decreased conductivity [24]. Hence, further
modification was required for better interaction between
functionalized CNTs and polymer matrix. The carboxylic
functionalized CNTs had higher surface activity due to the
presence of carboxyl groups. Hence, it is of great conveni-
ence to link other groups or atoms onto it whereas, non-
functionalized CNTs surface is relatively stable and is
somewhat difficult to directly modify their surfaces.

In the present work, a simple synthesis route was used
to decorate MWCNTs with Ag-NPs, aiming at improving
the 7, of epoxy adhesive system. For functionalization,

MWCNT was treated with a mixture of concentrated sul-
phuric acid and nitric acid and DMF was used as a reducing
agent to prepare Ag decorated MWCNT (Ag-MWCNT).
Epoxy resin was used as a base matrix due to its abil-
ity to adhere to most substrates in combination with good
chemical resistance, moisture resistance, electrical insula-
tion capacity and its wide range of application in making
of electronic components. The structure and morphology of
Ag-MWCNTs were characterized using XRD, Raman and
EDS techniques. The 7, and mechanical properties of the
adhesive containing Ag-MWCNT were measured and com-
pared to carboxyl functionalized MWCNT-epoxy adhesive
system. This study intended to consider the consequence of
Ag-decoration onto the properties of MWCNT filled epoxy
adhesive system.

2 Materials and methods
2.1 Materials

Araldite GY 250 based on Bisphenol-A resin and Aradur
HY 951 amine based curing agent was used in this work
and purchased from M/s Aditya Birla Chemicals, Mumbai,
India. CNTs were basically multi-walled carbon nanotubes
(MWCNTs) supplied by Iljin Nanotech Co. Ltd. Korea
with purity of 95%. They have an outer diameter of 20 nm
and an average length of 10 um, according to the supplier’s
specification. N,N-Dimethyl formamide (DMF, C;H;NO)
and sodium dodecyl sulphate (SDS, NaC,,H,sSO,) was
purchased from M/s Sigma Aldrich Pvt. Ltd. India. Some
common chemicals such as sulphuric acid (H,SO,), nitric
acid (HNO,), silver nitrate (AgNO;, 0.1 mol/L) solution
and acetone were purchased from M/s Merck Specialities
Pvt. Ltd. Mumbai, India.

2.2 Functionalization of MWCNTSs with carboxylic
groups (COOH-MWCNT)

The MWCNTs (500 mg) were added to 600 ml of 3:1 (v/v)
H,SO, and HNO; acid mixture. The MWCNT-acid mix-
ture solution was sonicated (DT-151, 3.5 L capacity M/s
Darsh Technologies, India) for 6 h at 30°C. Subsequently,
the solution was diluted with deionised water (D.I.) and
0.1 M NaOH until the neutralization point was achieved.
Finally, the reaction mixture was filtered through a vacuum
filtration assembly fitted with a 0.2 um PTFE filter paper
followed by continuous washing with D.I. The solid pre-
cipitate obtained was vacuum dried at 80°C for 24 h. This
treatment gives rise to -COOH groups on the exterior walls
of the MWCNT.
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2.3 Decoration of Ag onto COOH-MWCNTs
(Ag-MWCNTs)

The decoration of Ag-NPs onto COOH-MWCNT surfaces
was accomplished by the reduction reaction of silver ions
(Ag™) using DMF [21]. The mechanism for the Ag* reduc-
tion using DMF is shown in Fig. 1.

Typically, 300 mg of COOH-MWCNTs were mixed
into 250 ml of DMF and 100 mg of SDS was also added
to this combination in order to improve the dispersion. The
whole combination was subjected to ultrasonication for 2 h.
In order to achieve the decoration of Ag-NPs onto COOH-
MWCNT, 20 ml of aqueous solution of AgNO; was added
drop wise to the MWCNT suspension at 60 °C with vigor-
ous stirring. After being stirred and heated simultaneously
up to 1 h, the solution was kept for another 24 h without
heating or agitation. Finally, the reaction mixture was cen-
trifuged at 2000 rpm, washed with D.I and vacuum dried at
50°C for overnight. Figure 2 shows the schematic illustra-
tion for the formation of Ag-MWCNT.

Fig. 1 Reaction scheme for the
Ag* reduction using DMF

2.4 Fabrication of epoxy conductive adhesive system

To study the effect of MWCNTSs in the epoxy matrix,
unmodified epoxy, COOH-MWCNT filled epoxy (epoxy-
MWCNT) and Ag-MWCNT filled epoxy (epoxy-Ag-
MWCNT) adhesive systems were fabricated using dif-
ferent wt% of fillers. To achieve better dispersion state,
Ag-MWCNTs were first treated with acetone in an ultra-
sonication bath for 1 h. The reaction mixture was then
kept in a vacuum oven at 70 °C for at least 3 h to remove
the acetone completely. The treated Ag-MWCNTSs were
mixed with 130 g of epoxy resin using a high speed
mechanical mixer at 1500 rpm for 30 min and further
sonicated for 1 h to obtain homogeneous dispersion of
Ag-MWCNT within epoxy resin. Finally, hardener was
added to the reaction mixture maintaining 10:1 (w/w)
epoxy resin: hardener ratio and homogenized. The result-
ing mixture was cast into a metallic mould and cured at
room temperature for 24 h followed by post curing at
120°C for 2 h.

o-
/

Ag" ~0—N
X0

silver nitrate source of Ag"

H;C_ 0 HsC_ 0
N—< +2Ag + HO —> N—< +2Ag +2H
H;C H H;C OH

DMF

MWCNT

-COOH gp. attached to MWCNT

Fig. 2 Schematic illustration for the formation of Ag-MWCNTs
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3 Characterization techniques
3.1 Functional group analysis
3.1.1 Fourier transform infra-red spectroscopy (FTIR)

Chemical investigation of the functional groups onto func-
tionalized MWCNTs was carried out using Fourier trans-
form infra-red (FTIR, Nicolet 6700, Thermo Fisher Sci-
entific) spectroscopy. Each sample was scanned over the
wavelength of 4000 to 400 cm™! at a resolution of 4 cm™'.

3.1.2 Raman spectroscopy

The Raman spectra of pristine and functionalized MWC-
NTs was carried out using a micro Raman spectrometer
M/s Renishaw fitted with a Leica microscope. Excitation
was provided using Argon-ion laser of 514.5 nm.

3.2 Analysis of the silver decoration onto MWCNTs
3.2.1 X-ray diffraction (XRD)

X-ray diffraction pattern of Ag-MWCNTs were recorded
to confirm the presence of Ag-NPs onto the surface of
COOH-MWCNTs using a powder XRD system (Shimadzu,
XRD-7000L, Japan) with CuKoa radiation (A=1.54 A).
The XRD patterns were recorded at room temperature in a
continuous scan mode by recording the diffraction angle 26
from 2° to 80°.

3.2.2 Transmission electron microscopy (TEM)

The structure and morphology of COOH-MWCNT after
Ag decoration was observed using transmission electron
microscope JEOL-JEM 1400, Japan. TEM images were
taken at an accelerating voltage of 80 kV and sample for
test was prepared by dissolving Ag-MWCNT in ethanol
and drop casting onto a copper grid.

3.2.3 Energy dispersive spectroscopy (EDS)

The energy dispersive spectroscopic analysis was carried
out in a JEOL-JEM 1400, Japan to analyze the chemical
composition of Ag-MWCNTs. The sample was prepared by
placing a drop of Ag-MWCNTs in ethanol on a copper grid
and dried under ambient conditions.

3.3 Thermal conductivity measurement
The thermal conductivity of epoxy, epoxy-MWCNT and

epoxy-Ag-MWCNT adhesive samples was measured accord-
ing to ASTM E 1530 guarded heat flow meter method using

Unitherm 2022, Anter Corpo. USA. A disc sample of diame-
ter about 50 mm and thickness in the range of 3 mm has been
prepared by using CNC cutter and tested over four different
temperatures at 30, 50, 70 and 90 °C, respectively.

3.4 Scanning electron microscopy (SEM)

The morphology of fractured epoxy, epoxy-MWCNT and
epoxy-Ag-MWCNT adhesive systems was analyzed using
scanning electron microscope EVO MA 15 (Carl Zeiss SMT,
Germany). SEM images were taken at an accelerating volt-
age of 20 kV and the fractured adhesive surfaces were coated
with Au/Pd in vacuum.

3.5 Adhesive strength measurement

Lap shear test on the epoxy and epoxy adhesive systems were
performed using Universal Testing Machine (3382 Instron,
UK) at room temperature. Samples were prepared using alu-
minium substrate with an adhesive lap area of 12.7 mm, test
grip area of 25.4 mm and tested according to ASTM D 1002
standard. The tests were performed at a cross head speed of
1.27 mm/min for at least five specimens and the mean value
was reported.

3.6 Differential scanning calorimetric (DSC)

DSC studies were performed on the epoxy and epoxy adhe-
sive systems with a TA instruments, DSC Q20 in stand-
ard DSC mode under N, atmosphere. Usually, 5-10 mg of
uncured samples were dynamically cured at different heat-
ing rates of 5, 10 and 15°C/min over a temperature range of
0-200°C.

3.6.1 Curing kinetics behaviour

The curing kinetics study of epoxy and epoxy adhesive sys-
tem allow us to determine in which temperature range, at
what extent and how much heat is released during curing
process. In DSC analysis, the degree of conversion (@) is pro-
portional to the area under the exothermic peak and can be
denoted as [25, 26]:
H, (1)

a(t) = E (D
where Hp(t) is the partial heat of cure at time # and AH is
the total heat of a cure reaction. At a given temperature (7),
the rate of conversion (%) is usually expressed as [27]:

da
o = KDf(@) )

where T is the absolute temperature; K(7) is the tempera-
ture dependent reaction rate constant; f(a) is a kinetic
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model function. K(T') is usually supposed to be of Arrhe-
nius form and can be expressed as [28]:

E
KT)=A- exp(—R—;) 3

where A is the pre-exponential factor, R is a gas constant
(8.314 J/K mol), E,, is the activation energy of the reaction.
In the current study, E, is determined using Kissinger’s
method [25, 29]:

1 4 =C Eq
n T—IZJ = —R_TP (4‘)

where f is the heating rate, T, is the maximum temperature
of the exothermic peak and C is a constant. The value of E,,
can be determined from the slope of an approximately lin-

b ) and L.

ear relationship between In (F m
5

4 Results and discussion

4.1 Functionalization of MWCNTs with carboxylic
groups

Figure 3 shows the relative FTIR spectrum for pristine
and COOH-MWCNT. COOH-MWCNT exhibits several
characteristic absorption bands of oxygen-containing
groups, whereas, there were no any significant peaks
noticed for pristine MWCNT. FTIR spectra collected for
COOH-MWCNTs showed broad peak at ~3424 cm™!
which is usually attributed to the presence of adsorbed
hydroxyls from H,O, residual acids, etc. Appearance
of the peak at 1723 cm™! was related to the carbonyl
C=0 stretching vibration owing to the mild oxidation of

80 l— pristine MWCNT \ |
|—— COOH-MWCNT |

70

Transmittance (%)

10

T T T T T T T
2000 1500 1000 500
1

)

T T v T d T T
3500 3000 2500
Wavenumber (cm™

Fig. 3 FTIR spectra for the pristine MWCNT and COOH-MWCNT
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several C-atoms due to generation of -COOH group by
the reaction of sulphuric and nitric acid mixture [30-32].

The IR spectrum of COOH-MWCNTs showed promi-
nent peaks located at 1650, 1560 cm™! and in the range
of 28002950 cm™!. Peak located at 1650 cm™' has been
attributed to the —COOH group grafted on MWCNTs
from the oxidation process [33]. Reliability of hexagonal
structure of the MWCNTSs was justified from the peak at
1560 cm™' indicating the occurrence of double bonded
carbon atoms. COOH-MWCNTs showed peak located
in the range of 2800-2950 cm™' which represents to the
C-H symmetric and asymmetric stretching vibrations of
long alkyl chains present in the surface of MWCNTs.

Figure 4 shows the typical Raman spectra of pristine
and COOH-MWCNTs. The distinguished Raman char-
acteristics for MWCNTs were Radial Breathing Modes
(RBMs), D-band (ascribed to defects in disorder) and
G-band (ascribed to in-plane oscillations of graphite or
tangential band). The RBM is a particular characteris-
tic to MWCNTs and it represents about the area ratio of
the G-band to the D-band (I/I,) indicating as oxidation
affects of MWCNTs.

The spectral information of COOH-MWCNT showed
two bands, D-band at 1332 ¢cm™! which was attributed
to the out-of-plane sp’-hybridized carbon vibrations
and G-band can be identified at 1585 cm™' which was
ascribed to the in-plane C—C stretching of sp>-hybridized
carbons with I /I, ratio equals to 1.18. Similarly, pristine
MWCNT showed G-band at 1650 cm™! and D-band at
1334 cm™! with I/Ip, ratio equals to 1.23. Lower value
of I/l ratio for COOH-MWCNT reveals strong acidic
treatment would be expected to increase the defect den-
sity along the side-walls of MWCNT.

T T T B T
pristine MWCNT |
[— COOH-MWCNT |

i

120 +

90

Intensity (a.u.)

60 -

T T T T T T
0 500 1000 1500

Raman shift (cm-l)

2000

Fig. 4 Raman spectra for the pristine MWCNT and COOH-MWCNT
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4.2 Decoration of COOH-MWCNT with silver
nanoparticles

XRD study was performed in order to confirm the pres-
ence of Ag-NPs onto the surface of MWCNTSs. the XRD
pattern of pristine MWCNT and Ag-MWCNT is illustrated
in Fig. 5. The XRD pattern of pristine MWCNT shows
three main crystallographic planes at 26°(100), 44°(102)
and 78°(110), which confirms about graphitized nature of
MWCNTs. Further, Ag-MWCNT also displayed four major
crystallographic planes at 38°(111), 45°(200), 64°(220) and
77°(311), analogous to the crystallographic planes of the

(| |'

300 pristine MWCNT]
Ag-MWCNT
(200) T
(220)  (311)q
. 200+ A
= 1 (102) 1
£ |
S (110y
E 100 |
(100)
O—WL“ T PR | T
T T T T T T T T T T T T T T

10 20 30 40 50 60 70 80
20 (degree)

Fig. 5 XRD spectra for the pristine MWCNT and Ag-MWCNT

Fig. 6 TEM images for the
Ag-MWCNT (a—c) and EDS
spectra for the Ag-MWCNT (d)

face-centred cubic silver crystals [22]. Thus, the XRD pat-
tern of Ag-MWCNT clearly demonstrated that no obvious
impurities were found and the Ag-NPs formed were crys-
talline in nature.

Further for pristine MWCNTSs, diffraction peaks were
appeared at 26=38° and 65°, which may be assigned to
iron based catalyst encapsulated into MWCNTs [34]. There
were no drastic changes observed in the position of charac-
teristics peak of pristine MWCNT and Ag-MWCNT, which
suggest that MWCNTs are retained with their original
structure after functionalization [35].

Figure 6 indicates TEM images for Ag-NPs decorated
onto the COOH-MWCNT surfaces. It is evident from
Fig. 6 that Ag-NPs embedded/decorated onto the outside
wall of MWCNT having spherical in shape with average
diameter around ~5-10 nm. It has been also observed that a
large amount of Ag-NPs has been adhered to the MWCNTs
outer surface and there was no proof of isolated Ag-NPs is
noticed.

After nitration, the oxygen containing groups on MWC-
NTs have been employed as a nucleation centre for depo-
sition of Ag-NPs [36]. Ag® in sedimentary solution of
AgNO; can interact with -COOH groups on MWCNTs
through non-covalent interaction by releasing H' ions.
Some of the —COOH groups on MWCNTs sacrificed
after Ag decoration; as a result Ag-MWCNTSs contain less
number of —COOH groups than acid treated MWCNTSs
[21]. The EDS spectrum in Fig. 6d shows that the sam-
ple includes the elements of Ag and C, which also dem-
onstrated that Ag-NPs have been uniformly decorated onto

Energy (KeV)
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COOH-MWCNT. In the EDS spectrum, the Cu peak came
from the grid specimen holder.

4.3 Thermal conductivity (TC) measurement

The temperature dependency of the effective thermal con-
ductivities of epoxy, epoxy-MWCNT and epoxy-Ag-
MWCNT adhesive system is summarized in Table 1.

From Table 1, an increasing trend in 7,was observed
with an inclusion of different surface treated MWCNTSs
within the epoxy matrix. 7.result as obtained demon-
strates about an increasing trend for epoxy-MWCNT and
epoxy—Ag-MWCNT with an increase in temperature from
30 to 90°C. The adhesive with 0.5 wt % of MWCNT load-
ing has resulted in the highest 7.of 0.51 W/mK at 90°C
which is 0.29 W/mK (131.8%) higher compared with
unmodified epoxy whereas, at 30°C about 78.9% increase
was noticed. It is attributed that with an increase in tem-
perature the polymer matrix begin to be expanded due to
thermal expansion and conductive fillers that are networked
with each other initially, becomes separated and dispersed
throughout the matrix properly by making conductive
paths which resulted in the improvement in the 7, values
[37]. The conductivity value for epoxy-MWCNT increases
slowly with an increase in the temperature. This can be
attributed to the tunnelling conduction mechanism associ-
ated with MWCNTSs. The presence of -COOH groups on
the surface of MWCNTs may induce reduction in the tun-
nelling current and the conductivity will increase slightly
with increasing in the temperature.

It is also expected that, decoration of MWCNTs with
Ag-NPs would have a beneficial effect on the T .of epoxy-
MWCNT due to high inherent7, of silver nanoparticles.
The results obtained in Table 1 shows that the 7_is increased
from 0.51 to 0.88 W/mK, after inclusion of Ag- MWCNTs.
This improvement was recognized by the charge transfer
involving -COOH groups and Ag* that were covalently-
bonded onto the MWCNT surfaces (as evident from TEM
images). This result signifies two major functions of Ag-
MWCNTs: it behaves like a chemical agent to improve the
dispersion and other, it helps in linking them thermally by
producing extremely conductive layer adjoining the MWC-
NTs. In such an adhesive system, a highly conductive

coating makes the major conduction path within the final
system. The final efficient conductivity of the adhesive sys-
tem mainly depends on the charge transfer ability of the
interface between epoxy matrix and Ag-MWCNTs.

However, the T, was noticed a decrease up to 62.9% with
an addition of 1 wt% of Ag-MWCNTs as compared with
0.5 wt% of Ag-MWCNT at 90°C. This behaviour can be
justified by the two facts: the agglomeration of Ag-MWC-
NTs diminishes the aspect ratio as a result, reducing the
contact area between the epoxy matrix and Ag-MWCNTs
and other, the Ag-MWCNT aggregation cause the occur-
rence of reciprocal phonon vector phenomenon, which
behaves like a heat tank and limits the heat flow distribu-
tion [15, 16]. These observations implicated that the Ag-
MWCNTs with unique properties can be potentially use-
ful as the conducting filler that other filler materials rarely
OwWnS.

4.4 Scanning electron microscopy (SEM)

Figure 7 shows SEM images of the fractured surfaces of
epoxy and epoxy conductive adhesives system. Figure 7a
shows a relatively flat, smooth and featureless fractured
surface indicating brittle fracture mode for pristine epoxy
whereas, Fig. 7a—e depicts the fracture surface of the
adhesive system made with MWCNTs and Ag-MWCNTs,
respectively. Figure 7b shows the agglomeration of MWC-
NTs in the epoxy matrix. In this case, microscopic cracks
were observed at the interface between MWCNTS, and then
continued to propagate causes the failure of whole adhesive
system. MWCNT-pullout was also observed in this adhe-
sive system, which establishes the weak interfacial bonding
between the matrix and MWCNTs.

Figure 7d shows the fracture surfaces of epoxy-Ag-
MWCNT adhesive system. Micrograph reveals good dis-
tribution of Ag-MWCNTs in the epoxy matrix. In this
case, crack propagation initiated from the interface and
Ag-MWCNTs endured from the external force were pull-
out leaving behind smooth resin matrix which was exposed
as strong interfacial bonding. The black arrows in these
micrographs indicated the direction of crack propagation.

Also in the case of epoxy-MWCNT comparatively plain
and featureless fractured surface with a nominal distance in

Table 1 Thermal conductivity

Temp. (°C) Epoxy (W/mK) Epoxy- MWCNT  Epoxy-0.5%Ag- Epoxy-1%Ag-
value for the epoxy, epoxy- (W/mK) MWCNT (W/mK) MWCNT (W/
MWCNT and epoxy-Ag- mK)
MWCNT conductive adhesive
systems 30 0.19 0.34 0.75 0.49

50 0.20 0.39 0.82 0.51

70 0.21 0.45 0.84 0.53

90 0.22 0.51 0.88 0.54
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Fig. 7 SEM images of epoxy (a), epoxy-MWCNT (b, ¢) and epoxy-Ag-MWCNT (d, e) adhesive system

the range of 30-36 um is observed between two consecu-
tive cleavage steps (Fig. 7c) which is decreased to the range
of 19-22 um (Fig. 7e) after adding Ag-MWCNTSs into
unmodified epoxy. Consequentially, good shear strength by
effectively forming network through bridging mechanism
of MWCNTs. In our case, MWCNTSs are decorated with
Ag-NPs, so that Van-der Waals forces between MWCNTs
become weakened. Thus, good dispersion of Ag-MWCNTSs
was achieved in the epoxy [17]. This also reflects probable
reason for improved mechanical properties of epoxy-Ag-
MWCNT compared with epoxy-MWCNT.

4.5 Differential scanning calorimeter (DSC)

The curing behaviour of the epoxy and epoxy conductive
adhesives was examined using non-isothermal DSC tech-
niques at different heating rates of 5, 10 and 15°C/min.
Figure 8a—c shows a typical DSC thermograms for epoxy,
epoxy-MWCNT and epoxy-Ag-MWCNT respectively. The
information showed in Table 2 shows summary result of
heat of reaction (AH,,,,), initial curing temperature (7;,;,;,.)-
peak temperature (7,,,,) and final curing temperature (7,
for epoxy, epoxy-MWCNT and epoxy-Ag-MWCNT sample.

Since curing behaviour of an epoxy resin is a function of
both temperature and time, thus higher heating rates shifts
the transition to a higher temperature as epoxy gets less
time for changing at any explicit temperature. Thus, lower
heating rate increases the resolution and higher heating rate
increases the sensitivity. For all epoxy formulations, only
one exothermic peak was noticed. Also, the exothermic

peak height decreases in the presence of MWCNTSs than
that of unmodified epoxy which presents improved degree
of interaction of MWCNTs with epoxy resin as well as
physical hindrance caused by MWCNTs to the polymer
chain mobility. The effect of MWCNT on epoxy can be
established by examiningAH .. Liniriars Tpear A0 Ty Val-
ues. All these data have been summarized in Table 2.

It can be seen from Table 2 that AH,_,  increases with
increasing heating rate for all three epoxy adhesive formu-
lations. In the case of epoxy-MWCNT adhesive a reduction
in AH_,,is observed compared to pristine epoxy. As well
dispersed MWCNTs can behave as a physical barrier and
reduces the mobility of polymeric chain, which may results
in the reduction of the total value of AH,,,,, .Similar results
have been observed by Nusrat et al. in the case of carboxyl
functionalized MWCNTs filled epoxy composite system
[38]. Compared with epoxy-MWCNT, AH_,,, of epoxy-
Ag-MWCNT adhesive is higher. This may be due to the
improved dispersion state of Ag-MWCNTs within epoxy.
Also Ag decoration onto MWCNT promotes the forma-
tion of a thermal diffusion path, accelerating the dissipation
of the reaction heat [29, 39]. For extra explanation on the
curing behaviour of epoxy, epoxy-MWCNT and epoxy-Ag-
MWCNT adhesive samples, the degree of conversion (@)
as a function of temperature at 10°C/min was plotted and
shown in Fig. 9d.

In the case of unmodified epoxy, the degree of con-
version (o) is higher compared to epoxy-MWCNT and
epoxy—Ag-MWCNT adhesive system and gradually
approaches to each other as the temperature increases.

@ Springer



8916 J Mater Sci: Mater Electron (2017) 28:8908-8920
a 3.0 g T g T y T g u b 3.0 g T g T T u T .
1 1
s 257 ——10-C/min| | g 257 —— 10°C/min |
g 2.0 —v—15°C/min| % 2.0 —v— 15°C/min|
1.5
1.0 i
o) o 1
X = 0.5
3 z " '
3 2 0.0
=} =)
= =
5 § -0.5 |
I T 10
-1.5 E T g T g T g R e T g T g T g
0 50 100 150 200 0 50 100 150 200
Temperature (°C) Temperature (°C)
c 3-0 T . T & T o T ' d 3~0 . T & T L T & T L
25 | 55 —=— epoxy ]
g ——10°C/min| | & 7] —a— epoxy/MWCNT |
S 201 —v—15°C/min| | g 204 [—— epoxy/Ag-MWCNT ||
] 1.5
1.0 i
o) ) 1
E % 0.5—_ )
3 g 0.0
=] =}
= = ]
§ § -0.5—. - |
ST T 1o
-1.5 . . . . . . . -1.5 . . . : : , :
0 50 100 150 200 0 50 100 150 200

Temperature (°C)

Temperature (°C)

Fig. 8 Heat flow vs. temperature graph for epoxy (a) epoxy-MWCNT (b) epoxy-Ag-MWCNT (c) and comparison of all epoxy formulations at a

heating rate of 10°C/min (d)

Table 2 Non-isothermal kinetic

parameters obtained from DSC Sample type Eéaz;rﬁ)rate p Tinitiar (°¢) Tpear ) Tinar (°€) AH (J/g)
curves
Epoxy 5 51.5 87 158.6 580
10 62.9 98.01 178.8 586
15 73.7 107.6 169.6 607
5 57.2 939 193.8 466
Epoxy/MWCNT 10 67.3 108 193.2 489
15 734 115.6 195.6 563
5 56 90.38 166.6 524
Epoxy/ Ag-MWCNT 10 68 102.8 196.7 524
15 76.8 111.7 195 593

The lower degree of conversion after adding MWCNT
resulted in inhibition effect of MWCNTs on cross-linking
process of epoxy. The mechanism behind this observa-
tion can be justified by the molecular interactions and
also supported by the fact that addition of MWCNTs has

@ Springer

some catalytic and retardation effect due to the presence
of hydroxyl groups as well as increased viscosity during
initial stages of curing [40]. A sigmoid or S-shaped curve
in the degree of conversion (a) versus temperature graph
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Fig. 9 Degree of conversion (@) versus temperature graph for epoxy (a); epoxy-MWCNT (b); epoxy—Ag-MWCNT (c¢) and comparison of all

epoxy formulations at a heating rate of 10 °C/min (d)

is also observed, as expected in non-isothermal curing
process.
The graph between degree of conversion (a) and conver-

is also drawn and shown in Fig. 10. Figure

sion rate (d—"
dt

shows (‘2—‘:) = 0 at initial and final stages of curing which

indicated that curing reactions of epoxy adhesive systems
are autocatalytic by nature. Similar results have been
observed by Sahoo et al. in the case of organo modified
clay filled epoxy nanocomposites [40].

4.5.1 Determination of activation energy (E, )

The Eof the epoxy, epoxy-MWCNT and epoxy-Ag-
MWCNT adhesive systems was determined using Kiss-
inger method (Eq. 4) and values obtained are summarised
in the Table 3.

0.25 T T T T
0.20 B
0.15 B
<
2
0.10 B
0.05 —s— epoxy b
—a— epoxy/ MWCNT
—v— epoxy/Ag-MWCNT
0.00 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Degree of conversion (o)

Fig. 10 Plot of degree of conversion (a) as a function of conversion
rate (‘;—‘:) for all epoxy adhesive system at a constant heating rate of

10°C/min
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Table 3 Determination of E using Kissinger method at different
heating rates of 5, 10 and 15 °C/min

Sample type Heating rate (°C/min) Activation
energy (E, kJ/
5 10 15 mol)
Epoxy 87.7 98 107.6 57.2
Epoxy-MWCNT 93.9 108 115.6 534
Epoxy-Ag-MWCNT  90.4 102.8 111.7  54.0

9.0
f I l I = epoxy
-9.2 1 ‘ A epoxy MWCNT ‘ ]
] [ v epoxy/Ag-MWCNT ||
9.4
N;ﬂ. 1 _
a -9.6 1
= il
9.8 1
-10.0 i
-10.2 "

T T T T T T T T T T T T
0.00256 0.00260 0.00264 0.00268 0.00272 0.00276 0.00280
1/Tp

Fig. 11 Kissinger’s plot for determination of E, for epoxy, epoxy-
MWCNT and epoxy-Ag-MWCNT adhesive system

Table 4 Shear strength for different epoxy adhesive system

Sample type Shear strength (MPa) SD

Epoxy 4.05 +0.35
Epoxy—0.3% MWCNT 4.61 +0.05
Epoxy—0.5% MWCNT 8.25 +0.06
Epoxy-1% MWCNT 6.36 +0.15
Epoxy—0.5%Ag-MWCNT 10.42 +0.29

SD standard deviation

The value of E, for any curing process presents
the potential barrier of that reaction. E,values calcu-
lated from Fig. 11 for epoxy, epoxy-MWCNT and
epoxy—Ag-MWCNT were found to be 57.2, 53.4 and 54 kJ/
mol, respectively. In case of epoxy-MWCNT, E_ was found
to be much lowered compared to unmodified epoxy due
to reduced viscosity which allowed better interaction of
epoxy resin with amine curing agent. Enhanced distribu-
tion of amine curing agent into less viscous resin alters the
curing reaction. The E was found to be slightly higher in
the epoxy-Ag-MWCNT (only 0.6 kJ/mol) compared with
epoxy-MWCNT adhesives, which might be due to the fact
that decoration of Ag-NPs onto MWCNTs hinders the cur-
ing process of the epoxy system.
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Fig. 12 Stress versus Strain curve for epoxy and epoxy nano-conduc-
tive adhesive system

4.6 Adhesive strength measurement

Lap shear tests were performed to evaluate the effect of
MWCNTs on the properties of epoxy adhesive system. The
results of lap shear tests are presented in Table 4 and the
stress—strain curves for different epoxy adhesive systems
are shown in Fig. 12.

From Table 4, it is clear that increasing the wt% of
MWCNTs (from 0 to 0.5 wt %) resulted in increase in the
strength of the epoxy adhesive systems. With an addition
of 0.5 wt % of MWCNTs into unmodified epoxy resulted
as significant improvement in the shear strength up to
8.25 MPa, which is 4.05 MPa (approx. 104%) higher com-
pared to pristine epoxy. Enhancement in the mechanical
properties of the epoxy-0.5% MWCNT adhesive system
was due to the homogeneous dispersion and good inter-
action between MWCNTs and the epoxy matrix [41, 42].
While, by adding 1 wt% of MWCNTs, the epoxy adhesive
strength decreases upto 29.7% compared with epoxy-0.5%
MWCNT. This decrease may be attributed to the aggrega-
tion of MWCNTSs and stress concentration in the agglom-
eration areas which initiates the crack propagation in the
epoxy adhesive system. However, the strength of the epoxy
adhesive comprising Ag-MWCNTs were constantly higher
than pristine MWCNTSs, signifying the strengthening effect
due to MWCNTSs in epoxy adhesives was not sacrificed
after Ag decoration. Silver decoration onto the MWC-
NTs has shown a drastic increase in the strength of about
6.37 MPa compared to 0.5 wt% loading of MWCNTs adhe-
sive system.

Ag-MWCNTs have the possibility to be more effective
as reinforcing agent than pristine MWCNTSs as surface
modified MWCNTs consist of reactive sites as a result
homogeneous dispersion within polymer matrix [11, 43].



J Mater Sci: Mater Electron (2017) 28:8908-8920

8919

Fig. 13 Mode of failure of a
epoxy (a) epoxy-MWCNT (b)
and epoxy-Ag-MWCNT (c)
conductive adhesive system

Adhesive on one side

During the curing process the Ag* attached to the sur-
face of Ag-MWCNTs reacts with the epoxy and forms a
covalent linkage which causes to higher strength of the
epoxy adhesives. Ag-MWCNTs have better dispersion in
the epoxy, which indicates that, a good interfacial bond-
ing enables an effective stress transfer between the epoxy
matrixes. Thus 0.5 wt% Ag-MWCNT containing epoxy
adhesive system has a higher strength than that of epoxy-
0.5% MWCNT. Similar findings were observed by Ma
et al. [22].

Linear stress—strain relation was noticed in all the
epoxy adhesive samples before the stress level reaching
to the maximum value. All the samples imparted brittle
failure indicated by a sudden drop in the peak stress.

4.7 Type of fracture of epoxy adhesive after lap shear
test

The mode of failure of the epoxy and epoxy conduc-
tive adhesives are shown in Fig. 13. It is detected that
the mode of failure for unmodified epoxy is adhesive
(Fig. 13a). An adhesive failure occurs at the interface
between the adhesive and the adherent with the entire
adhesive on one side of the substrate material. This
depicts brittle failure mode of epoxy adhesives on sub-
strates. Hence, a relationship between the adhesive fail-
ure and the stress—strain response of an adhesive is estab-
lished. These considerations are in good agreement with
low shear strength of pristine epoxy.

Whereas, for the epoxy-MWCNT adhesive the mode
of failure was cohesive as well (Fig. 13b). It occurs at the
interface between the adhesive and the substrate. The mode
of failure progressed from adhesive to cohesive for epoxy-
Ag-MWCNT (Fig. 13c). This mode of failure indicates
the relaxation of stress during buckling occurs not only in
the delaminated sections, but also within the stress trans-
fer zones [44]. This relation is confirmed by the higher
strain percentage at break of epoxy-Ag-MWCNTs adhesive
system.

Adhesive on both sides  Adhesive on one side

5 Conclusions

In this work a simple approach for the Ag decoration onto
carboxyl functionalized MWCNTSs using DMF as a reduc-
ing agent have been reported. The presence of oxygen con-
taining functional groups in FTIR and principal bands in
Raman spectroscopy concluded that carboxyl groups have
been uniformly anchored onto the MWCNT surfaces. Fur-
thermore, XRD, TEM and EDS studies additionally cor-
roborated the structure and morphology of Ag-MWCNTs.
The thermal conductivity of epoxy adhesives can be effec-
tively increased with 0.5 wt% loading of Ag-MWCNT.
This increase may be attributed to good compatibility; well
distribution and high surface area of MWCNTs resulted
in the formation of heat flow network and thereby have
extended area of epoxy-Ag-MWCNTs contact. Addition-
ally, a 5.37 MPa enhancement in lap shear strength was
observed for epoxy-Ag-MWCNT with 0.5 wt% loading of
Ag-MWCNT as compared with unmodified epoxy, which
has been justified on account of SEM micrographs.

The curing kinetics of epoxy adhesive systems were also
investigated employing non-isothermal DSC analysis. Test
results showed that the E decreased with the addition of
conductive fillers within epoxy which might be due to the
hindrance of molecular movement of epoxy resin. Based on
these results, it can be concluded that the Ag-MWCNTs is
a promising candidate for the improvement of various prop-
erties of unmodified epoxy.
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