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ABSTRACT: As lead-based solder has been restricted, the 
microelectronics industry has been looking for lead-free solder like SAC. But 
there have been cases of solder joints failing, reducing product reliability 
because the formed intermetallic compound layer (IMC) is brittle. The thick 
IMC layer reduced the solder joint strength. This paper analyses real 
industrial package assemblies of nanocomposite lead-free solder joints. TiO2, 
Fe2O3, and NiO nanoparticles with 0.05 weight percentage (wt.%) were mixed 
into 96.5% Sn-3.0% Ag-0.5% Cu (SAC305) solder paste using a mechanical 
stirrer to make nanocomposite lead-free solders. The effects of nanoparticles 
in miniaturized solder on joining quality in IMC layers and nanocomposite 
solders were studied using a scanning electron microscope (SEM) and a 
nanoindenter. Adding TiO2, Fe2O3, and NiO nanoparticles changed the 
microstructure and reduced the IMC layer thickness by 29%-35%. The 
nanocomposite solder's hardness and elastic modulus are increased by 1%-
11% and 8%-31%, respectively. In comparison to pure SAC305, the 
composition of SAC305 with NiO nanoparticles solder paste had the highest 
hardness, and with Fe2O3 had the highest elastic modulus. This proves that 
the incorporation of nanoparticles of TiO2, Fe2O3, and NiO has enhanced the 
mechanical properties of pure SAC and increased the reliability of solder 
joints in miniaturised electronic packaging. 
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ABSTRACT: Polymeric composites have been studied for electromagnetic 
interference (EMI) shielding material due to their many advantages including 
low density, good flexural and impact strength, and ease of processing. 
Recycled carbon fiber has the potential as conductive filler in polymer 
composites, however the effects of different treatment such as irradiation on 
the properties is still lacking. A comparative study based on different fiber 
treatments and electron beam irradiation on recycled carbon fibers (rCF) filled 
acrylonitrile butadiene styrene (ABS) composites has been carried out and the 
results are presented in this paper. The main objective is to evaluate how these 
treatments impact properties such as conductivity and shielding effectiveness 
(SE) of the composites. Three types of filler, i.e., untreated rCF, chemically 
treated rCF, and chemically-mechanically treated rCF are used as to improve 
the electrical conductivity of ABS polymer. In order to enhance shielding 
effectiveness of the composites, electron beam (EB) irradiation is applied at 
200 kGy to induce cross linked networks. The composite samples are prepared 
by using melt compounding method. In general, composites reinforced with 
treated rCF show better performance in both conductivity and shielding 
effectiveness. Moreover, for the same fiber amount, the electrical conductivity 
of the composites filled with irradiated-recycled carbon fibers is much higher 
than that of non-irradiated recycled carbon-fiber-filled composites. By using 
irradiated-recycled carbon fibers as filler, in order to achieve the same degree 
of conductivity as carbon fiber filled composites, the required volume fraction 
of fibers can be greatly reduced. From the results, the EB irradiated composite 
with 30 wt% chemically treated rCF shows the best shielding effectiveness and 
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electrical conductivity, where the highest values reached are 1.34 × 10-8 S/m 
and 46.13 dB, for electrical conductivity and shielding effectiveness, 
respectively. This finding is significant as to better understand the behavior of 
rCF filled ABS composites especially for EMI shielding application.  
 
KEYWORDS: Recycled Carbon Fibers; Chemical Treatment; Electrical 
Conductivity; Shielding Effectiveness; Acrylonitrile Butadiene Styrene (ABS)  

 
 

1.0 INTRODUCTION 
 

With the widespread application of electronic devices and systems 
worldwide, especially in communications facilities and wireless 
networks, the problems associated with electromagnetic interference 
(EMI) has become a more important issue [1,2]. EMI can potentially 
lead to undesirable effects on highly sensitive devices, as well as on our 
health [3,4].  Therefore, the development of high performance EMI 
shielding material is crucial. EMI shielding materials find applications 
in various sectors including industrial, commercial, and military areas. 
For instance, it can be utilized for electromagnetic waves as castings for 
televisions and computers, in order to make them work more safely 
[5,6]. 
 
In the past few decades, due to their high electrical conductivity, metals 
have been utilized as the common materials for EMI shielding 
materials. However, their application for this purpose is restricted due 
to some weaknesses such as corrosion susceptibility, high density and 
difficulty in processing [1,2]. Conductive polymer based composites for 
EMI shielding have been studied greatly in recent years [7,8] due to 
their various advantages including low density, good mechanical 
properties, as well as significant reinforcing effect. These make them 
favorable for lightweight EMI shielding materials. Moreover, their ease 
of manufacturing by injection molding or extrusion, making them 
suitable to be manufactured in batches [9]. 
 
Carbon fibers reinforced polymers, having excellent mechanical 
characteristics and low density have been widely utilized in transport, 
aerospace, and sportive materials [10,11]. The excellent properties of 
CF including high specific tensile strength and good wear resistance 
have made it the material of choice to reinforce advanced composite 
materials. However, a significant shortcoming of the shielding material 
using CF reinforced polymer is that the electrical conductivity of CF is 
much lower compared to metals [12], thus requires a greater volume 
fraction of carbon fibers to achieve the same degree of shielding 
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effectiveness. Unfortunately, with an increase of CF amount, despite 
improvement in EMI shielding, the toughness of the composites, as 
well as the rheological properties of the fibers in extrusion or injection 
molding are negatively affected. Moreover, the increase in filler 
amount means an increase in production cost due to the high CF cost. 
The carbon fibers filled polymer therefore unable to meet the demands 
of shielding materials for highly demanding applications [13]. 
 
In order to reduce the fiber content and still preserve a satisfactory 
shielding effect, an electron beam (EB) irradiation technique can be 
used. The technique is usually applied to increase cross-linking of the 
composite matrices [14,15], which enhances mechanical properties of 
the irradiated material. Moreover, EB radiation also boosts excitation 
reactions on the fiber-matrix interfaces, which is useful in improving 
adhesion property. EB irradiation technique is commonly preferred 
owing to many advantages such as fast reaction time, low temperatures 
and low emission of volatile materials [16,17]. Moreover, it can be used 
to induce chemical and grafting reactions at any temperature in the gas, 
liquid, and solid phases without the use of catalysts [18,19]. Some 
studies have been made on the electrical and shielding properties of 
carbon fibers filled polymeric composites. However, to our knowledge, 
no study has focused on comparative performance regarding electrical 
conductivity and shielding effectiveness between differently treated 
recycled carbon fibers, i.e, untreated carbon fibers, chemically treated 
carbon fiber, and chemically-mechanically treated carbon fiber 
reinforced ABS composites. The objective of this study is to investigate 
how different treatments of recycled CF including EB irradiation affect 
the electrical conductivity and shielding effectiveness of recycled CF 
reinforced ABS composites. 
 
 

2.0 MATERIALS AND METHODS 
 

2.1 Materials  
 

The matrix material used in this study was acrylonitrile butadiene 
styrene (ABS). Waste carbon fiber prepregs were used as the source of 
recycled carbon fibers (rCF) and supplied by a local composite 
company. The prepregs were made of carbon fiber reinforced epoxy 
resin. Their specific type is not reported because of a confidential 
agreement. They were used in three forms, i.e., as-received CF prepreg, 
chemically treated CF and chemically-mechanically treated CF.  The 
chemicals used to treat the recycled carbon fibers were nitric acid (68%) 
and ethanol (95%). 
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2.2 Chemical and Mechanical Modification of rCF   
 

The prepregs of recycled carbon fiber were first cut into smaller sizes 
of about 3 mm, before underwent the process of chemical modification 
by nitric acid treatment at 115 °C for 40 minutes to remove the resins 
on the surface. The fibers were then rinsed for a half hour with distilled 
water to achieve the same pH value as the distilled water (pH = 5.5-6). 
Then, the sample was soaked in an ultrasonic cleaner with ethanol for 
1 hour. The obtained recycled carbon fibers (rCF) were dried in an oven 
at 60 °C for 24 h to remove the moisture. 
 
The mechanical treatment was performed via pulverization technique. 
After chemical treatment and drying in the oven, the treated carbon 
fibers were pulverized to produce fine sizes of rCF. Sieve shaker was 
used to filter the fibers produced after the pulverization process. In this 
study, the fiber size obtained through the pulverizer was about 90 μm. 
The characterisation of the chemically and mechanically treated 
recycled carbon fibers has been reported in our previous work [20].  
 

 
2.3  Fabrication of rCF/ABS Composites 

 

At this stage, rCF and ABS were melt-mixed using an internal mixer 
machine Haake Rheomix OS, at a screw speed of 25 rpm, followed with 
extrusion. Then, the mixtures were cooled and cut into composite 
master batches. Prior to the compounding process, crushing process by 
crusher machine TW-SC-400F was performed to obtain smaller size 
composite pallets. Then, hot pressing machine was used to form the 
samples of ABS/rCF composites.  
 
 
2.4 Electron Beam Irradiation of ABS/rCF Composites     

 

All samples of ABS/rCF composites were exposed to electron beam 
(EB) irradiation at 200 kGy dosage to assess the effects of EB radiation 
on the properties of the composites. EB irradiation (NHV EPS-3000) 
was used to develop EB irradiation induced rCF reinforced ABS 
composites as potential EMI shielding materials. This technique was 
applied as to enhance the electrical conductivity of the composites.  
 

 
2.5 Characterization and Testing    

 

Thermal analysis of the composites was performed by using 
thermogravimetric analysis (TGA Q50, TA Instruments). The analysis 
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was conducted from ambient temperature to 800 °C at a heating rate of 
10 °C/min. The morphologies of the surface of non-irradiated and 
irradiated rCF/ABS composites were observed by using SEM (ZEISS 
EVO 50). The electrical conductivity was evaluated by measuring the 
surface resistivity (Ω/sq) of each sample by using four-probe meter. 
Shielding effectiveness was measured using vector network analyzer 
(VNA) instrument. The frequency range of scattering parameters was 
8-12 GHz applied to the 2 mm thick samples using waveguide set up. 
The average value of three results was reported with percentage error 
of less than 5%. 
 
 
3.0 RESULTS AND DISCUSSION  

 
3.1 Morphological Analysis of rCF/ABS Composites 

 

The surface morphologies of the samples of non-irradiated and 
irradiated rCF/ABS composites are shown in Figure 1. It is observed 
that non-irradiated rCF dispersed in polymer matrix exhibits 
significant amount of interfacial failures. This shows that deformation 
of the ABS resin matrix is restricted, and it can also be seen that the 
fibers are debonded. Furthermore, the edge of the void is clear, 
indicating weak adhesion interaction between the ABS and rCF. This 
result is very similar to that of the POM/CF [21]. Most of the fibers were 
pulled out from the matrix during deformation, therefore there is no 
significant adhesion between the rCF and ABS matrix. Upon EB 
irradiation, the rCF disperses in the ABS matrix shows changes in 
surface morphology. It was observed that there is a significant damage 
in the polymeric structure after irradiation, which contributes to the 
reduction of crystallinity in the material. The SEM images indicate that 
there is improvement in the interfacial adhesion between rCF and the 
polymer matrix in the irradiated samples.   
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                           (a)                                         (b)                                         (c)  

   
                           (d)                                         (e)                                         (f)  

Figure 1: SEM Images for ABS/rCF (95/5) composites (500x) with Non-
irradiated: (a) Untreated, (b) Chemically-mechanically treated, (c) Chemically 

treated rCF/ABS composite; and Irradiated: (d) Untreated, (e) Chemically-
mechanically treated, (f) Chemically treated rCF/ABS composite 

 
 
3.2  Electrical Properties of rCF/ABS Composites 

  

Figure 2(a) displays the plots of electrical conductivity of non-
irradiated differently treated rCF/ABS composites. It is observed that 
the electrical conductivity of non-irradiated samples increases with the 
increase of filler amount, and this type of behaviour is mainly due to 
the formation of conductive networks associated with the rCF. 
Composites with treated rCF consistently show higher conductivity 
than those filled with untreated rCF. For the chemically treated 
rCF/ABS composites, electrical conductivity shows a significant 
increase by four orders of magnitude (from 10-15 to 10-11) at 25 wt% of 
rCF. However, there is no significant increase when the filler is further 
increased to 30 wt%. For the chemically-mechanical treated rCF/ABS 
composites, the electrical conductivity shows a significant increase by 
four orders of magnitude (from 10-13 to 10-10) at 20 wt% of rCF. 
However, the value is decreased slightly by one order of magnitude 
(10-10 – 10-11 ) with increasing filler concentration (25 and 30 wt%). For 
the composites with untreated rCF, electrical conductivity shows the 
least increase with increasing fiber content. 
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                                       (a)                                                                (b) 

Figure 2: Electrical conductivity of differently treated ABS/rCF composites 
(a) without EB irradiation and (b) with EB irradiation 

 
Figure 2(b) shows the plots of electrical conductivity of 200 kGy EB 
irradiated differently treated rCF/ABS composites. It is observed that 
regardless of the amount of rCF loading, the conductivity shows a 
respectable increase with EB irradiation, that is due to the increase in 
the continuous, interconnected conductive networks with EB dose in 
the ABS matrix, through which the charge particles able to move easily 
when external electric field is applied [22]. The EB irradiated 
chemically treated rCF/ABS composite show the highest electrical 
conductivity, achieving 2.68 × 10-8 (S/m) at 30 wt% rCF content. 
Meanwhile, the highest improvement due to EB irradiation is shown 
by the chemically-mechanically treated rCF/ABS composites, in which 
electrical conductivity increases from 1.36 × 10-11 to 1.34 × 10-8 (S/m) at 
30 wt% rCF content. As for the irradiated untreated rCF/ABS 
composites, the electrical conductivity displays a humble increase to 
2.32 × 10-10 (S/m) at 30 wt% rCF. 
 
The lack of increase in electrical conductivity at 30 wt% rCF in the non-
irradiated samples can be associated with the agglomeration of rCF  in 
ABS, which hinders percolation, thus decreases the electrical 
conductivity of the composite. The dispersion level of rCF is essential 
in determining the final electrical properties of ABS composites. Upon 
EB irradiation, better dispersion level of rCF at 30 wt%  in the 
composites is achieved, thus leads to formation of an effective network 
for electron path transmittance, which explains the higher electrical 
conductivity obtained in the irradiated ABS/rCF composites. 
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3.3 Electromagnetic Interference Shielding Effectiveness of 
Differently Treated rCF/ABS Composites  

  

The results of shielding effectiveness (SE) for the non-irradiated and 
irradiated ABS composites as a function of frequency are shown in 
Figure 3. It is shown that increasing the amount of rCF causes SE value 
to increase. At higher frequency, the increase in SE can reach as high as 
50% when the amount of rCF is increased from 10 to 30 wt%. The 
increase of SE with increasing frequency is anticipated and has been 
reported elsewhere [8]. The wavelength of the EM wave decreases as 
frequency increases and approaching the size o f the fiber. Thus, the 
higher frequency waves are more probably to encounter fibers 
distributed in the polymer matrix. Hence, the increase of the SE value 
as frequency increases. 
 
Figure 4 shows the values of EMI SE for non-irradiated and irradiated 
rCF filled ABS composites. It is observed that for all the composites 
studied, irradiated composites samples exhibit better SE performance 
compared to the samples without EB irradiation. The non-irradiated 
ABS composite filled with 5 wt% of untreated rCF exhibits the lowest 
EMI SE and with increasing rCF loading, EMI SE value increases. 
Meanwhile, the irradiated ABS composite filled with chemically 
treated rCF at 30 wt% shows the highest EMI SE (46.13 dB) in the 
frequency range of 8 to 12 GHz.  This is an increase of 41.5% compared 
to the same composite without EB irradiation. The results can be 
attributed to the formation of interconnected conductive networks by 
rCF in the composites due to the EB irradiation. The results of the EB 
irradiation effect on the SE of ABS/rCF is significant as it has never been 
examined previously, thus provides technical information necessary 
for further development of the material as an effective shielding 
material.  

 

Figure 3: Frequency dependence of EMI SE for rCF/ABS composites 
containing various amount of rCF 
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Figure 4: EMI SE for rCF/ABS composites (a) without EB irradiation and (b) 
with EB irradiation 

 
The effect of EB irradiation dosage on the EMI shielding effectiveness of 
rCF/ABS blends has also been observed (not shown here). It has been 
found that EMI SE increases with the increase of EB irradiation dosage. 
Irradiation promotes the establishment of more interconnected 
conductive networks resulting from the formation and recombination of 
free radicals in the polymer-filler interfaces, which facilitates the 
movement of the mobile charge carriers in the rCF/ABS composites. The 
conductive fillers interact with the incoming electromagnetic radiation 
and facilitates the electron transport which is known as microwave 
absorption across the EMI shielding material by the conductive 
networks. This is effective in reducing the reflection and transmission of 
incident radiation. The irradiated ABS composites filled with treated 
rCF exhibit good electrical conductivity values, which is a determinant 
factor in a material to behave as an excellent shielding material, in order 
to be able to weaken the incident electromagnetic radiation and 
functions as an effective EMI shielding material. 
 
 
4.0 CONCLUSION 

 

The objective of the study, which is to investigate the effects of different 
treatments including chemical treatment of the rCF and electron beam 
irradiation on the ABS/rCF composites, on conductivity and SE 
effectiveness have been successfully achieved. It is observed that 
electrical conductivity of ABS/rCF composites increase with the 
increase in the rCF content. Treatment on the rCF also contributes 
positively to the improvement of the electrical conductivity and 
shielding effectiveness. The effects of EB irradiation on the electrical 
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conductivity and SE have also been investigated. Both electrical 
conductivity and EMI shielding effectiveness improve significantly 
with EB irradiation. This might be attributed to the breakage of 
chemical bonds and resulting in an increase of free radicals. An 
irradiated chemically treated rCF/ABS composite has shown the 
highest electrical conductivity reaching 1.34 × 10-8 (S/m) and EMI SE 
reaching 46.13 dB at 30 wt% of rCF content. It is shown in this study 
that recycled CF is a feasible material for the production of second-
generation functional composites for EMI shielding application. 
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