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Abstract: Adhesion strength of electrically conductive adhesive (ECA) could be enhanced 
through surface treatment. This paper characterizes the multiwalled carbon nanotube (MWCNT) 
filled ECA with varying MWCNT filler loading. Here, the focus is on the effect of chemical 
treatment on aluminium substrate surface treatment onto the adhesion strength of the ECA as per 
ASTMD 1002.  The chemically etched aluminum substrate provides the largest effective bond area 
between ECA/substrate interface, with the highest shear strength of the ECA. More specifically, the 
ECA with 6 wt.% MWCNT filler loading exhibit an optimum lap shear strength, showing an 
adhesive-cohesive failure mode. 
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1. Introduction
Nowadays, with increasing awareness to protect the 

environment1), the use of lead-based solder for electronic 
components interconnection in the printed circuit board 
(PCB) is gradually replaced by the lead-free electrically 
conductive adhesive (ECA) in microelectronic industry. 
ECA is a type of composite material2), which is made up 
of a matrix or more commonly known as a binder and a 
conductive filler, typically either from a metal-based 
material. The contact between substrate and ECA allows 
current flow through them, which conductive fillers, 
allowing electron movement by their contact between 
their suspended particles in the adhesives3,4). There are 
few advantages of using ECA as compared to lead-based 
solder for electronic component interconnection, the 
adhesives are lead-free, less and simple processing steps 
which reduce the production cost, and finer pitch due to 
small particles of filler5,6). 

In the last couple of years, carbon nanotube (CNT), 
with its many advantageous features and characteristics7), 
has been introduced to replace the use of metallic material 
as a conductive filler. The use of CNT can increase the 
performance and properties of ECA. The improvement of 

ECA when using CNT as a filler instead of metallic 
material is in terms of improved strength and modulus, 
high thermal conductivity and good thermal stability, and 
high capacity of current flow8). 

The critical aspect of the fine-pitch interconnection 
field is the adhesion strength of the ECA. It is because 
ECA is detrimental to shock encountered during handling, 
assembly, and lifetime which require excellent adhesion 
bond between ECA/substrate interface. The overall 
adhesion strength of ECA is from two types of adhesion 
mechanisms: these being chemical and physical bonding. 
The latter adhesion mechanism is expected to have good 
adhesion strength of polymer in the ECA towards the 
substrate with a rougher surface in which the rougher 
surface provides more contact surface area between 
polymer/substrate interface to establish excellent 
interfacial mechanical interlocking5). 

In this study, the ECA is formulated using multi-walled 
carbon nanotube (MWCNT) conductive filler in an epoxy-
based ECA composites. The main objective of this study 
is to investigate the effect of chemical treatment on the 
aluminum substrate surface towards the mechanical 
performance of the ECA, with varying MWCNT filler 
loading, in terms of the lap shear strength. Aluminium 
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alloy is the substrate material of choice since this material 
is well-known for its useful applications in widespread 
industries from electronics to aerospace, automotive, 
general engineering9–11). 

2. Materials and Methodology

2.1 Materials Selection 

Aluminum alloy was used as the substrate. There are 
two types of chemicals used for chemical surface 
treatment on an aluminum substrate, which is 
hydrochloric acid (HCl) and sodium hydroxide (NaOH). 
HCl solution used was a QReC Hydrochloric Acid 
Solution 1 mol/1 (1N) with a molecular weight of 36.46 
g/mol. The ECA composite is consists of a polymer matrix 
and conductive filler. The polymer matrix used was 
Araldite 506 Epoxy Resin Brand Sigma-Aldrich with a 
relative density of 1.168 g/cm3. The conductive filler used 
was multi-walled carbon nanotube (MWCNT) from 
Amorphous Materials with an outside diameter of 10-20 
mm, length of 10-30 nm, purity of >95%, and true density 
of 2.1 g/cm3. The epoxy curing agent used was 
JEFFAMINE D-230 Polyether amine with a viscosity of 
9.5 cSt and a density of 0.948 g/ml at 25 ℃.  

2.2 Chemical Surface Treatment 
The aluminum alloy substrate was cut to dimensions of 

25.4 mm × 101.6 mm × 1.6 mm in accordance to the 
ASTM D1002. The surface of the substrates was wiped 
with acetone to remove dirt, grease, and other 
contamination. Then, the substrate was immersed in a 5% 
NaOH solution at 40 ℃ for 120 s for the alkaline etching 
process. The process followed by acidic etching on the 
substrates which the substrates were immersed in 3.6% 
HCl solution at 40 ℃ for 300 s. At the last stage, the 
substrates were alkaline etched again with the same NaOH 
solution condition for 300 s. The substrates were rinsed 
with distilled water after underwent each etching process 
to prevent the mixture of different chemical solutions. 

2.3 Surface Morphology 
Microstructural characterization on surfaces of as-

received and chemical etched aluminum substrates was 
conducted by using a ZEISS Axioskop 2 MAT low power 
microscope and a Shodensha Model GR3400 3D optical 
profilometer. The former microscope used to generate a 2-
D microscopic image while the latter microscope used to 
generate a 3-D microscopic image. Scanning electron 
microscopy (SEM) was used to the characterized 
microstructure of failed ECA via lap shear tensile test 
which the ECA was sputter-coated with a conductive 
material as SEM technique required good material 
conductivity of specimen to generate a more 
representative image. 

2.4 Surface Roughness 
The surface roughness of aluminum substrates was 

measured using a Mitutoyo stylus profilometer model SJ-
410 in which the roughness measurement is based on the 
change of vertical position of the moving probe along the 
surface line of interest. The profilometer generates 2-D 
profiles and average surface roughness, Ra, of the 
aluminum substrate.  Ra is the average deviation of 
height’s absolute value from the mean line, recorded along 
the line of interest12), which is expressed in Eq. (1): 

𝑅𝑅𝑎𝑎 =
1
𝐿𝐿

 � 𝑍𝑍 (𝑥𝑥) 𝑑𝑑𝑥𝑥  
𝐿𝐿

0
 (1) 

Ra = Average surface roughness, μm 
L = Distance of line of interest, μm 
Z = Vertical distance between the data point and mean 

line, μm 
The overlap area of the aluminium substrate was 

divided into three parts, and each part underwent the 
surface roughness measurement. The data of surface 
roughness, Ra for each substrate were averaged. 

2.5 Contact Angle 
The contact angle test was performed to characterize 

the surface wettability of aluminum substrates. The test 
was following ASTM D5725 as a standard guideline. 
Microliter pipette brand Eppendorf Research plus was set 
to release 0.5 μl of the drop. The liquid used to drop onto 
the substrate surface was distilled water. The overlap area 
was divided into three parts and the liquid was dropped on 
each part. The contact angle for the left and right sides of 
the drop was measured. Then, the readings of the contact 
angle of all drops in each sample were averaged. 

2.6 ECA Preparation 
The ECAs were prepared in a dry and clean plastic 

container. The epoxy and hardener with a ratio of 100:30 
were mixed and stirred manually for 1 minute. Then, 
MWCNT with varied loading of 5 wt.%, 6 wt.%, and 7 
wt.% were mixed well with the mixture for 5 minutes to 
form the uncured ECA. The uncured ECA was applied on 
substrates and then cured in an oven at 100 ℃ for 30 
minutes. 

2.7 Electrical Characterizations 
The electrical sheet resistance test of printed ECA on 

the polycarbonate substrate was conducted as per ASTM 
F390 as a standard guideline. The test was conducted by 
measuring the sheet resistance of 6-printed ECAs on the 
substrate with using of JANDEL In-Line For-Point Probe. 
Initially, the 3M Scotch tape was applied on the substrate 
to form a printed area with a depth of two-layer of the tape 
thickness. The small amount of ECA was placed on the 
printed area and was squeezed by a small metal sheet to 
form uniform thin application of printed ECA, as depicted 
in Fig 1. Then, the printed ECAs were cured in an oven. 
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Fig. 1: Schematic view of 6-printed ECAs on a 
polycarbonate substrate 

2.8 Lap Shear Tensile Test 
The lap shear tensile test was conducted with referring 

to ASTM D1002 as a standard guideline. The aluminum 
substrates were prepared with a dimension of 101.6 mm × 
25.4 mm × 1.6 mm, and the overlap area was 25.4 mm × 
12.7 mm, as illustrated in Fig. 2.  

Fig. 2: Schematic view of lap shear tensile test specimen 
with dimension in mm 

The ECA was placed on the entire overlap area. Then, 
the aligned substrates were clamped with clips to get 
uniform 0.1 mm thickness of the ECA joint. A small 
aluminum plate with thickness 1.6 mm was placed at the 
grip area of the substrate to ensure the centric force 
applied on the ECA joint during the test. Universal 
Material Testing (AG-10kNX) was used with a jig speed 
of 1.3 mm/min. The lap shear strength expressed in Eq. 
(2): 

𝜏𝜏𝐿𝐿𝑎𝑎𝐿𝐿 =
𝐹𝐹𝑀𝑀𝑎𝑎𝑀𝑀
𝐴𝐴

(2) 

whereby τLap = Lap shear strength LSS (MPa), 
FMax = maximum tensile force (N) and A = adhesive 

overlap area (m2). 

3. Results and discussion
The experimental results attained from this research 

work are presented in the following sections.  

3.1 Sheet Resistance 
The sheet resistance was measured on the ECA with 5 

wt.%, 6 wt.%, and 7 wt.%. MWCNT filler loading. Based 
on the experimental results in Fig. 3, sheet resistance 
decreases when filler loading is increased from 5 wt.% to 
7 wt.%. As expected, an increase of MWCNT loading 
contributes to lower electrical resistivity in ECA due to an 
increase of contact, an increase of probability of 

continuous linkage, and an enhancement formation of a 
three-dimensional network between MWCNT conductive 
particles in ECA5,13). The result is in good agreement with 
demonstrated by Xuechun and Feng14), in which 
increasing MWCNT reduce bulk resistivity of 
MWCNT/epoxy composites as Besides, the standard 
deviation of sheet resistance significantly decreases from 
9.46 kΩ to 0.35 kΩ with an increase of filler loading in 
ECA from 5 wt.% to 7 wt.% respectively, an indication of 
more reliable measurement of sheet resistance 
obtained15,16). 

The rate of decrease of ECA sheet resistance before and 
after 6 wt.% MWCNT filler loading shows a significant 
difference which is 22.07 kΩ/wt.% and 12.73 kΩ/wt.% 
respectively. Such observation is due to the rate of 
decrease of ECA resistivity with an increase in filler 
loading is reduced as filler concentration is beyond the 
critical filler of concentration, Vc, in ECA5,17). On the 
other hand, the cured pressure of epoxy is high as the 
MWCNT filler loading reaches the volume of the 
percolation threshold, resulted in a significant number of 
percolated linkages are formed. Hence, the ECA 
resistivity slightly changes with a further increase of 
MWCNT filler loading8,17,18). 

Fig. 3: The plot of ECA average sheet resistance with 
varying MWCNT filler loading 

3.2 Surface Microstructure and Roughness 
A summary of the experimental results following 

surface roughness using a stylus profilometer on as-
received and surface-treated aluminum substrates are 
given in Table 1, in which an average value is attained 
from a minimum of 5 sample measurements for each 
surface condition. The chemically etched substrate 
exhibits the highest surface roughness up to 2.60±0.30 µm, 
which attributed to deep valleys and high peaks distribute 
throughout the substrate surface observed in the 3D 
profile image. The as-received aluminum substrate has the 
lowest surface roughness due to no surface treatment 
applied and with the oxide layer present on the substrate 
surface, provide uniform shallow valleys and low peaks 
on the entire surface.  

Based on the 2-D microscopic image in Fig. 4 (a) & (b) 
at 200x magnification, an as-received aluminum substrate 
surface exhibits the formation of aluminum oxide crack 
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with small voids while chemically etched aluminum 
substrate has high dense of voids with large opening 
structure. The chemically etched substrate has deeper 
voids on its entire surface as compared to the as-received 
substrate, as depicted in Fig. 4 (c) & (d).    

Table 1. Average of surface roughness of the as-received and 
chemically etched aluminum substrate 

Surface Treatment Average Surface Roughness, 𝑹𝑹𝒂𝒂 (µm) 
As-Received 0.36 ± 0.02 

Chemical Etching 2.60 ± 0.30 

(a) 

(b) 

(c) 

(d) 
Fig. 4: 2-D and 3-D microscopic images of (a) & (c) as-

received and (b) & (d) chemically etched aluminium substrate 
respectively 

3.3 Contact Angle 
Based on the theory on wettability19), the low contact 

angle experienced by a liquid in a specified surface 
indicates that the liquid has good wettability toward the 
surface. The wettability will have an impact on surface 
adhesion performance between ECA and substrate, due to 
excellent wettability is influenced by the excellent ability 
of ECA to cover all bumps and voids, which results in 
great adhesion properties of the bond. 

From the results from contact angle measurement in 
Table 2, the chemically etched substrate has the lowest 
contact angle, an indication of excellent surface 
wettability since higher surface roughness promotes the 
better spreading of liquid to the substrate surface 9). 
Furthermore, the open structure of voids or crevices on the 
surface contributes to a high tendency of the water to fill 
in and reduce contact angle 20). The as-received substrate 
has a smooth surface indicating the low surface area to be 
covered by water. Therefore, the substrate has a 
significantly higher contact angle than a chemically 
etched substrate. 

Table 2. Water droplet behavior and average contact angle of 
as-received and chemically-etched aluminum substrate 

Surface 
Treatment 

Water Droplet Behaviour Average Contact 
Angle (°) (θ) 

As-
Received 

74.47 ± 5.29 

Chemical 
Etching 

16.78 ± 4.40 

3.4 Lap Shear Test 
The ECA with 0 wt.% (only applied on as-received), 5 

wt.%, 6 wt.%, and 7 wt.% MWCNT filler loadings were 
subjected to lap shear test and the results obtained are 
shown in Fig. 5. Based on the result, the shear strength of 
ECA bonded to the as-received aluminium substrates is 
greatly increase with increasing MWCNT filler loading, 
from 0 wt.% to 5 wt.%. More specifically, the shear 
strength of the ECA bonded to as-received and chemically 
etched substrate increase slightly from 5 wt.% to 6 wt.%. 
Such observation is possibly due to the addition of 
MWCNT filler into the epoxy, with reinforced the 
composites thus contribute to an increase in the ECA 
toughness and resist the formation of crack growth in the 
composites21). Moreover, the presence of MWCNT in 
ECA induces the formation of a new surface which 
increases the energy absorbed22) and the mechanical load 
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can be efficiently transferred from epoxy to the high 
stiffness MWCNT. 

Fig 5: Shear strength of varying filler loading of ECA 
bonded to as-received and chemically etched aluminium 

substrates 

However, further increase of the MWCNT filler loading 
from 6 wt.% to 7 wt.% has resulted in a decrease of the 
ECA shear strength bonded to both substrates surface 
condition. At this point, the MWCNT filler, which has 
high surface energy, tends to aggregate resulting in poor 
dispersion and consequently reduce the ECA mechanical 
strength 23–25). It is possibly due an increase in the ECA 
viscosity with increasing MWCNT filler loading before 
the curing process, which reduces the mobility of 
MWCNT in the epoxy and affects the dispersion of 
MWCNT in the ECA. Thus, the partially aggregated 
MWCNT bundles could possibly act as stress 
concentrators that reduce the interfacial adhesion between 
MWCNT/epoxy, which resulted to slippage of filler when 
load is subjected to the ECA22,25,26).  

Moreover, the high viscosity of ECA reduce the 
adhesion strength of ECA towards the aluminum substrate 
since high viscosity fluid exhibit low wettability19). Hence, 
it reduces both the tendency of ECA to penetrate the voids 
and the effective bond area between the ECA and the 
substrate interface27,28). Furthermore, the high viscosity of 
ECA due to high filler loading creates the bubbles and 
reduces the ability of bubbles removal, which reduces the 
mechanical bonding properties between the 
ECA/substrate interface25) . 

Based on Fig.6, the ECA with 5 wt.% and 6 wt.% 
MWCNT loading failed in adhesive-cohesive mode while 
ECA with 7 wt.% MWCNT loading exhibit adhesive 
failure mode. Overall, adhesive-cohesive failure mode of 
ECA exhibit higher shear strength as compared to 
adhesive failure mode, suggesting high adhesion strength 
between ECA/substrate interface as a result of large 
surface area of contact between epoxy/substrate interface, 
which yield in strong mechanical contact29). Such 
observation is in agreement with the literature which 
studied the effect of surface treatment on adhesively 
bonded aluminium-aluminium joints which argued that 
the adhesive-cohesive failure showed higher failure loads 

as compared to those of adhesive type of failure30).  

Surface 
Treatment 

ECA Failure Behaviour 
Mode of 
Failure 

ECA with 5 wt.% MWCNT 

As-
Received 

Adhesive-
Cohesive 

Chemical 
Etching 

Adhesive-
Cohesive 

Grinding 
with SiC 
Abrasive 
Paper Grit 
180 

Adhesive-
Cohesive 

ECA with 6 wt.% MWCNT 

As-
Received 

Adhesive-
Cohesive 

Chemical 
Etching 

Adhesive-
Cohesive 

Grinding 
with SiC 
Abrasive 
Paper Grit 
180 

Adhesive-
Cohesive 

ECA with 7 wt.% MWCNT 

As-
Received 

Adhesive 

Chemical 
Etching 

Adhesive 

Grinding 
with SiC 
Abrasive 
Paper Grit 
180 

Adhesive 

Fig. 6: Visual observation of the ECA bonded to chemically 
etched aluminum substrates with filler loading of 5,6 and 7 

wt.% showing the respective adhesive failure mode. 

Moreover, adhesive failure at high MWCNT filler 
loading suggest low mechanical interlocking strength 
between epoxy/substrate interface which can be attributed 
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to the presence of large amount of MWCNT particles 
between epoxy/substrate interface, thus, induced to low 
surface area of contact between the epoxy/substrate 
interface. Hence, the ECA bonded to an adhesive failure 
have relatively inferior shear strength than ECA bonded to 
adhesive-cohesive failure. 

 In addition, Fig. 7 give the SEM micrographs of ECA 
bonded to chemically etched aluminum substrates with 
filler loading of (a) 6 wt.% and (b) 7 wt.% fractured 
surface of at 200x magnification respectively. It is 
apparent that the fracture surface of ECA with 7 wt.% 
MWCNT filler loading exhibit denser volume of voids 
with the rougher surface than ECA with 6 wt.%. MWCNT 
filler loading. High content of voids or hollow structures 
in ECA with 7 wt.% MWCNT filler loading reduces the 
contact area between the ECA and the substrate. Hence, 
insufficient anchoring of epoxy towards the substrate 
occurs23).  

Also, an increase in the conductive filler loading in 
ECA means that the volume fraction of epoxy is reduce, 
relative to the total volume of ECA reduces, therefore, 
cause a decrease in the composites shear strength since 
epoxy is not present in continuous form and unable to 
provide a good polymer network23,31). Besides, at high 
MWCNT filler loading, there is less surface contact area 
between epoxy/substrate interface to provide adhesion 
properties 16) since numerous of MWCNT exist between 
the epoxy/substrate interface, in which the MWCNT does 
not have a strong bond to the substrate. 

Based on the results following lap shear test for the 
ECA bonded to as-received and chemically etched 
substrates, there is a clear trend on the resultant shear 
strength of the ECA with increasing MWCNT filler 
loading, which is similar to the trend observed in an earlier 
studies using CNT/polymer composites as reported by 
Loos and Manas-Zloczower32) and experimental result on 
mechanical properties of ICA demonstrated by Wu et al. 
17). 

The chemically etched substrate provides the highest 
surface roughness, which introduces to the large 
interfacial area between aluminum and ECA which 
enhances the mechanical interlocking of the interface33).  
The high surface roughness of the chemical etched 
substrate is due to the formation of a high density of deep 
voids and high peaks of surface protrusion on its entire 
surface while the as-received substrate has a smoother 
surface with less surface protrusion which contributes to 
low surface roughness. The combination of high surface 
roughness and good wettability of adhesive toward 
aluminum surface yields an excellent bond strength9) as 
the enhancement of the effective bond area. Other factors 
that may contribute to good adhesion are the chemical 
etching process activated and cleaned aluminum surface 
and dissolved natural alumina layer or weakly bound 
oxide layer which the natural alumina can reduce the 
ability of the adhesive to spread9).  

Based on these experimental results, clearly the 
chemically etched substrate promotes the higher bond 
strength than the as-received substrate (surface solely 
wiped with acetone, which is in good agreement with 

published literature on the effect of surface treatment on 
the shear strength of aluminum adhesive single-lap-joint 
in the past literature30).In their study, it was argued that the 
chemically treated of both aluminum substrate provides a 
higher ECA load of failure as compared to only one 
substrate is chemically treated30). 

Moreover, the findings from this study is similar to the 
work reported on the relation between aluminum surface 
roughness and adhesive bond shear strength. In their study, 
it was argued that the highest adhesive shear strength is 
achieved with an aluminum surface roughness at 
2.05 ± 0.19 µm, which is in close proximity to the 
chemically etched substrate surface roughness in this 
research project that yields the highest ECA shear 
strength34). 

   (a)                   (b) 
Fig. 7: SEM micrograph images of fracture surface of ECA 

bonded to chemically etched aluminum substrates with filler 
loading of (a) 6 wt.% and (b) 7 wt.% at 200x magnification 

respectively 

4. Conclusions
Based on the experimental results attained from this

study, the following conclusions can be drawn: 
i. There is a linear decrease in the volume

resistivity with the MWCNT filler loading,
suggesting that higher filler loading can
significantly improve the electrical conductivity
of an ECA. Here, as the filler loading is increased,
the electrical pathways are formed due to
contacts between the particles where the volume
resistivity continues to decrease.

ii. Chemically-etched aluminum substrate yield in
the highest surface roughness and highest surface
wettability of the sample. Furthermore, large
opening voids and deep valleys are observed on
the substrate surface.

iii. A combination of excellent surface wettability
and high surface roughness of the substrate yield
in the excellent mechanical properties of the ECA.

iv. Nonetheless, from SEM micrographs, with
relatively higher MWCNT filler loading, traces of 
voids and hollow structures in the ECA are
present, which yield in poorer mechanical
properties.
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