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Highlights 
• A hybrid PA6,6 composite contained multiwall carbon nanotube and carbon black was fabricated for shielding 

effectiveness application in textiles. 

• Melt mixing method was applied to develop the conductive polymer composite. 

• Morphology, viscosity and synergism between nanofillers were studied. 

• The monofilament of the developed composite was integrated as weft yarn in a woven structure. 

• The shielding effectiveness (SE) of the woven fabric with embedded conductive monofilament was evaluated in 

the frequency between 1 and 10 GHz in a mode-stirred chamber (SE≥10 dB). 

Abstract  
Textiles have been highly considered in applications of electromagnetic shielding effectiveness. 

This is mainly due to an increasing concern of health issues caused by human exposure to 

radiation.  

In the present study, the main objective was to develop a monofilament yarn made of conductive 

polymer composite (CPC) for electromagnetic shielding application to decline the drawbacks of 

previous electromagnetic shielding textile products. Thus, CPCs were produced by melt mixing 

method, using Polyamide 6,6 (PA6,6) as matrix and carbon black (CB) or/and multiwall carbon 

nanotube (MWCNT) as conductive nanofillers and the synergy effects of CB and MWCNT on 

electrical conductivity was studied. Consequently, 1.7 wt.% of MWCNT and 3.3 wt.% of CB 

(1MWCNT:2CB) was applied to generate a PA6,6-based composite at the critical percolation 

threshold while its electrical conductivity was higher than the PA6,6-based composite contained 

20 wt.% of CB and the same as the one contained 3 wt.% of MWCNT.  

The developed monofilament is lightweight, corrosion resistant and the manufacturing process is 

very well established in comparison with metal yarns. These characteristics make it an alternative 

to produce electromagnetic shielding clothing for personal protection. Thus, the developed 

monofilament was woven to fabricate an electromagnetic shield fabric and the electromagnetic 

shielding effectiveness was evaluated in the frequency range 1-10GHz. 

In brief, the electrical conductivity was improved using the synergism between nanofillers while 

the viscosity was in the standard range for monofilament making process by extrusion. Moreover, 

the shielding effectiveness (SE) of the woven sample made of the developed composite was 

promising for personal protection (16 dB). 

Keywords: Carbon nanofillers, Conductive monofilament, Conductive polymer composite, 

Electrical conductivity, Electromagnetic shielding effectiveness, Synergy effects.  
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1. Introduction 
Smart textiles (e-textiles) have been developed with new technologies that provide specific added 

values to the final products. In recent decades, the development of smart textiles has been 

growing with the aim of applying in industry (e.g. sensors for force and pressure, military 

applications, or in electromagnetic interference) [1]. Thus, the engineering of innovative 

materials which are capable to respond to external or internal stimuli is the main objective of 

smart textile growth. For instance, electrically conductive polymer composites (CPCs) which 

contain conductive fillers dispersed in a polymer matrix have attracted attention in numerous 

study fields like electromagnetic shielding [2-3].  

Electromagnetic interference shielding can be performed using electrical conductive textiles. 

Large numbers of commercial electromagnetic shielding textiles have been developed to protect 

the human body against radiation. A lot of products are made of metallic yarns with high 

electrical conductivity like copper, silver, nickel and stainless steel for electromagnetic shielding 

applications [4]. However, poor washability and uncomfortability (e.g. high weight and skin 

allergy) can be mentioned as the main drawbacks of these products [5-8]. 

The conductive coating on textiles is also a common way to increase the electrical conductivity of 

textiles. Some studies have been done on textiles which were coated with metal particles to 

become electrically conductive and electromagnetic shielded [9]. It has been tried to use 

electroconductive polymer composites as coating on textile surface to enhance the electrical 

conductivity [10-12]. For example, polypyrrole was coated on polyethylene terephthalate (PET) 

fabric to achieve the required electrical conductivity for electromagnetic interference shielding 

purpose by Kim et al. [11]. Although coating is an economical technique to increase the electrical 

conductivity of textiles, the main drawback is that coating wears away after a short period of use.  

In recent years, adding conductive nanofillers to the polymer matrix has been developed to 

enhance the electrical conductivity of the textile products [13-20]. For example, Jagatheesan et 

al. reviewed the theory of electromagnetic interference shielding along with the conductivity of 

fabrics and composites [19]. They provided details of different electrical conductive textiles for 

electromagnetic shielding purposes. For example, they stated that 5 wt.% of mixed Ag and 

MWCNT in polystyrene-based composite showed the shielding effectiveness of 22 dB in the 

frequency range of 12.4-18 GHz. They suggested that the higher content of nanofillers leads to 

the higher electrical conductivity on one hand and increases the viscosity of the developed CPC 

on the other hand.  

In another study, the electromagnetic shielding effectiveness of conductive polymer composites 

with three different carbon nanofillers was discussed by Al-Saleh et al. [21]. Multiwall carbon 

nanotubes (MWCNT), carbon nanofiber (CNF) and high structure carbon black (HS-CB) were 

applied in their work while the polymer was acrylonitrile-butadiene-styrene (ABS). They studied 

the electrical volume resistivity and electromagnetic interference shielding effectiveness in X-

band frequency range and concluded that MWCNT/ABS composites indicated a high shielding 

effectiveness. Additionally, they used transmission electron microscopy (TEM) images to 

investigate the dispersion of the nanofillers and a good level of dispersion for all the nanofillers 

inside the polymer was revealed. 

Moreover, mass production of carbon nanotube (CNT) reinforced polymethyl methacrylate 

(PMMA) nonwoven nanofiber mats was developed by Weng et al. [22]. Their results proved that 

the electrical properties enhanced in comparison with PMMA nanofibers. Also, they claimed that 

the developed conductive composite showed reasonable electromagnetic interference shielding 

effectiveness (SE ~18 dB at 1 GHz with 12 wt.% CNT). 
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It should be noted that the percolation threshold of conductive polymer composite (CPC) is 

influenced by the process method, polymer matrix and nanofillers properties [23-24]. For 

instance, the percolation threshold of CNT composites using different methods, different 

polymers and CNT properties were described in [25].  

In addition, the tensile and electrical properties of carbon filled polyamide (PA6,6) conductive 

composites were studied by Clingerman et al. [26]. They investigated the influences of carbon 

black (or carbon fiber) concentration on the electrical and mechanical properties of the        

PA6,6-based composite plate. They applied relatively high carbon black content to achieve a 

reasonable electrical conductivity for the developed plate (40 wt.%).  

Electrical conductive materials can generate and transport free charges which lead to 

electromagnetic interference shielding effectiveness as mentioned earlier. Thus, it has been tried 

to define a relationship between electrical conductivity and electromagnetic interference 

shielding effectiveness in some studies. For instance, the MWCNT within polypropylene random 

copolymer was prepared by Verma et al. [27] and both electrical conductivity and shielding 

effectiveness were characterized. They indicated that the electrical conductivity, as well as 

shielding effectiveness, was improved by increasing the quantity of carbon nanofiller. Also, they 

suggested that the conductivity was not changed meaningfully after percolation threshold despite 

the fact that shielding effectiveness kept on growing with increasing the filler quantity.  

In another study, an equation between electrical conductivity and shielding effectiveness was 

defined by Han et al. [28]. They affirmed that the shielding effectiveness results obtained from 

the equation were in good agreement with experimental results for polyethylene/MWCNT and 

polyphenylene sulfide/MWCNT composites. The SE values were 3.6 dB and 13 dB (at 1 GHz) 

when 5 wt.% and 15 wt.% of MWCNTs were applied in the polyethylene matrix, respectively. 

Although the increasing quantity of conductive nanofiller increases the electrical conductivity of 

the final composite, high quantity of nanofiller causes difficulties in the manufacturing process. It 

results in deviation during the composite making process due to high viscosity. In addition, the 

cost of produced CPC increases using high amount of carbon nanofillers. Therefore, it has been 

suggested to apply the synergy effects of carbon nanofillers to decline the complications of using 

a high quantity of nanofillers [29–37]. It has been said that the synergy effects of CB and 

MWCNT (or CNT) considerably increase the electrical conductivity at lower percolation 

threshold [30,32,35,36].  

For instance, MWCNT and CB were introduced as electroconductive nanofillers in 

polypropylene copolymer and the behavior of percolation threshold was investigated by Zhang et 

al. [30]. They confirmed that the percolation threshold of hybrid nanofillers filled CPC was 

significantly lower than the percolation threshold of either CB or MWCNT filled CPCs. They 

stated that the percolation threshold was reduced from 2.4 to 0.21 wt.% while half of the 

MWCNT was replaced with CB. 

Also, the electrical conductivity of epoxy-based composites containing hybrid nanofillers of CNT 

and CB was studied by Peng Cheng et al. [38]. They concluded that adding mixed nanofillers of 

CB and CNT triggered higher electrical conductivity while CB improved the ductility of the 

composites. 

Furthermore, a mathematic model was proposed to estimate the percolation threshold of hybrid 

carbon nanofillers in polymer composite (CPC) by Sun et al. [39]. According to the proposed 

model, percolation ensued when all the small volumes were occupied with CB or MWCNT or 

(MWCNT and CB). The proposed model is applied to calculate the quantity of nanofillers at 

percolation threshold in extreme state using hybrid nanofillers in composites though the real state 

of hybrid nanofillers (MWCNT and CB) is not exactly similar to the model. Therefore, the 
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equation (1) was obtained for the systems containing two types of conductive nanofillers (A and 

B) where mA is the weight fractions of nanofiller A and mB is the weight fraction of nanofiller B 

in the composition. ρC,A (or ρC,B) is the corresponding percolation concentration when A (or B) is 

the only type of filler applied in the composite. It means that the composite is at percolation 

threshold state when the value of equation (1) is equal to 1. 
��

ρ�,�

 +
 ��

ρ�,�

 =  1  (Eq. 1) 

As mentioned earlier, composites with carbon nanofillers in their compositions have been used in 

various applications. For instance, they have been applied as reinforced composites in [40–47]. 

The effects of surface modification of CNTs and MWCNTs on the properties of the produced 

composites have been studied in these studies. For example, the surfaces of MWCNTs were 

modified with acid-and amine-groups and then Polyamide 6,6 (PA6,6)/1wt.% of MWCNT 

composites were prepared using melt mixing method by Qiu et al. [41]. They studied the 

dispersion of the MWCNTs in PA6,6 matrix and decided that Amine functionalization of 

MWCNTs improved the dispersion of MWCNTs in PA6,6. However, some compatible solvents 

with carbon nanofillers (e.g. CNT) are toxic and the applied surfactants negatively affect the 

electrical conductivity of the carbon nanofillers [12]. Also, reaching the stable suspensions with 

high concentration of individual nanofiller is limited [47]. Briefly, the aforesaid composites 

having carbon nanofillers in their compounds were produced for mechanical application which is 

different from our target application of the produced composites composed of PA6,6 and carbon 

nanofillers.  

Also, monofilament manufacturing of conductive composites for textile applications has been 

studied in several studies [48-50]. For example, monofilament manufacturing of PLA/CNT for 

sensor application was studied by Ferreira et al. [48]. It should be taken into account that the 

polymer properties along with the mass concentration of the nanofillers play a significant role in 

the filament making process. 

In the present study, a hybrid conductive monofilament yarn was produced in order to make a 

wearable electromagnetic shielding textile for personal protection. The advantage of using mixed 

carbon nanofillers in PA6,6-based composite (common thermoplastic polymer in textile industry) 

was to achieve higher electrical conductivity. Also, the viscosity complications caused by 

increasing the content of nanofillers was discussed. The PA6,6 filled carbon nanofillers was 

generated by melt mixing method to develop a new conductive polymer composite monofilament 

since CPCs are lightweight, inexpensive, corrosion resistant and the manufacturing process is 

very well established in comparison to metal yarns. These properties make the developed CPC 

monofilament suitable for garment making process for personal protection against 

electromagnetic waves. Accordingly, two developed hybrid monofilaments were applied in the 

weaving process to produce electromagnetic interference shielding fabrics for personal 

protection. The electromagnetic shielding effectiveness of compact two-ply woven samples was 

measured in a stirred-mode chamber in the frequency range 1-10GHz.  

2. Experimental 
2.1.  Materials  

For monofilament manufacturing  

Polyamide 6,6 (PA6,6) - Torzen™ U4803 NC01 PA6.6 resin (density: 1.14 g/cm3) was used as 

matrix of the composites in the present work. 
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Multiwall Carbon Nanotube (MWCNT) - Nanocyl NC7000 series (surface area: 250 - 300 m2/g; 

density: 1.30–2.00 g/cm3 with an average diameter of 9.5 nm and length: 1.5 μm) was purchased 

from Nanocyl S.A. (Belgium). 

Two different types of carbon black were applied in the present study:   

• Carbon Black (CB) - Printex L6 powder series (surface area: 200 m2/g; density: 1.7–1.9 

g/cm3 and particle size: 18 nm) which has a spherical cross-section, was purchased from 

Orion Engineered Carbons Company (Germany). 

• Carbon Black (KB*) - Ketjenblack EC-300J series (surface area: 800 m2/g; density: 2.1 g/cm3 

and particle size: 39.5 nm) was supplied by Akzo Nobel in Netherlands. Ketjenblack EC-300J 

has a high effective surface area due to the contribution of internal voids. 

Transmission electron microscopy (TEM) images of three applied nanofillers in the present study 

are illustrated in Figure 1(a, b, c). These nanofillers provide different surface area which leads to 

dissimilarity in nanofiller dispersion and percolation threshold of the electrical conductivity in 

conductive polymer composites (CPCs). For example, the pore structure of KB* allows it to 

perform as high conductive carbon nanofiller in comparison with CB having spherical cross-

section.  

 
a b c 

Figure 1- Transmission electron microscopy images of MWCNT (a), CB (b) and KB*(c) applied in the present study 

For woven fabric manufacturing 

Cotton yarns (Nm 20/2) were applied as weft and warp in the woven structure. (Two-ply cotton 

yarn is composed of two single strands when metric number (Nm) indicates the number of one 

thousand meters of yarn per kilogram)  

Two developed CPCs made of PA6,6/MWCNT:CB and PA6,6/MWCNT:KB* were introduced 

as stuffer yarns in weft direction.  

2.2.  Methods 

Monofilament manufacturing 

All the pellets with carbon additive were dried at 800C for 12 hours before extrusion. 

PA6,6/MWCNT and PA6,6/CB composites were blended by melt mixing method using                 

co-rotating twin-screw extruder ThermoHaake (screw diameter: 16 mm and L (length)/D 

(diameter): 25) while the rotation speed was fixed to 100 rpm and the temperatures of the 

extruder were set at 270°C in feeding zone and 280°C, 280°C, 279°C and 278°C in barrels zones, 

respectively.  

First, CPC variants using only one type of nanofillers were produced to study the percolation 

threshold of the electrical conductivity of CPCs contained CB or MWCNT. Accordingly, the 

quantity of MWCNT was ranged from 0.5 to 5 wt. % in PA6,6/MWCNT composite and CB was 

ranged from 5 to 30 wt.% in PA6,6/CB composite. The compositions of all the conductive 

polymer composites (CPCs) are listed in Table 1.  
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Table 1- Formulation of the conductive polymer composites (CPCs) 

Sample Code 
PA66 

wt. % 

MWCNT 

wt. % 

 

CB (Printex) 

wt. % 

 

 

KB* (Ketjenblack) 

wt. % 

 

PA 100 - - - 

PA-MWCNT0.5 99.5 0.5 - - 

PA-MWCNT1 99 1 - - 

PA-MWCNT1.5 98.5 1.5 - - 

PA-MWCNT2 98 2 - - 

PA-MWCNT3 97 3 - - 

PA-MWCNT5 95 5 - - 

PA-CB5 95 - 5 - 

PA-CB7.5 92.5 - 7.5 - 

PA-CB10 90 - 10 - 

PA-CB15 85 - 15 - 

PA-CB20 80 - 20 - 

PA-CB30 70 - 30 - 

PA-MWCNT1.8-CB1.8 96.4 1.8 1.8 - 

PA-MWCNT1.7-CB3.3 95 1.7 3.3 - 

PA-MWCNT1.3-CB5.2 93.5 1.3 5.2 - 

PA-MWCNT2.6-CB2.6 94.8 2.6 2.6 - 

PA-MWCNT2.5-CB5 92.5 2.5 5 - 

PA-MWCNT2-CB7.8 90.2 2 7.8 - 

PA-MWCNT2.6-KB*2.6 94.8 2.6 - 2.6 

PA-MWCNT2.5–KB*5 92.5 2.5 - 5 

PA-MWCNT2–KB*7.8 90.2 2 - 7.8 

As discussed earlier, the synergy effects between CB and MWCNT significantly increase the 

electrical conductivity of the composite [28]. The main objective was to obtain the higher 

electrical conductivity using lower quantity of carbon nanofillers in order to increase the 

electrical conductivity on one hand and to reduce the high viscosity complications in extrusion 

process on the other hand. 

Hence, conductive polymer composites (CPCs) were generated with various ratio of 

MWCNT:CB at calculated percolation threshold using equation (1). In addition, conductive 

polymer composites applying greater extent of MWCNT:CB compared to percolation state was 

produced to study the electrical conductivity performance of the CPCs. Moreover, the three most 

conductive CPCs with the same ratio of carbon nanofillers were produced while the CB (Printex) 

was replaced by KB*(Ketjenblack). The compositions of the above-mentioned composites are 

presented in Table 1.  

Fabric manufacturing  

Compound woven structure (compact two-ply weave structure with stuffer weft) was designed 

and produced using ARM AG CH-3507 Biglen weaving loom manufactured in Switzerland. 

Conductive monofilaments (PA-MWCNT2.5–CB5 or PA-MWCNT2.5–KB*5) was applied as 

stuffer weft in the middle of the woven structure. The structure consists of two different warp 

yarn systems and three weft yarn systems. Two weft and two warp yarn systems made two layers 

with plain structure as the face and back of the final woven fabric while the conductive 

monofilaments were inserted in the middle of the structure in the weft direction.  

This design was chosen since it was required to reach the maximum stuffer yarn density in the 

middle of structure (stuffer yarns are straight yarns inserted in the middle of compound woven 
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structure) in order to achieve the desired shielding. Also, it should be mentioned that the 

conductive monofilament was inserted as stuffer weft in the middle of the woven structure to 

provide the possibility of introducing common textile yarns on the exterior faces. In fact, various 

types of textiles yarns with different colors can be applied to external faces since the final 

application is for personal protection clothing like corset. So, the design and color would be of 

great importance for the wearer. The designed structure, the developed monofilament and 

manufactured woven sample are shown in Figure 2 (a, b and c). In addition, Table 2 reports the 

structural characteristics of the woven samples.  

(a)  

(b) (c)  
 

Figure 2- Designed structure (a), conductive monofilament (b) and compact two-ply woven with conductive 

monofilament as stuffer wefts (c) 

 

 

 

Conductive monofilaments  
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Table 2- Structural characteristics of compact two-ply woven samples with stuffer wefts 

Fabric 

characteristics 

Thickness 

(mm) 

Arial 

density 

(g/cm2) 

Material 

Yarn 

diameter 

(mm) 

Yarn 

density 

(yarns/cm) 

Sample 1 3.37 0.136 

Warp 

system 

Face Cotton 0.42 15 

Back Cotton 0.42 15 

Weft 

system 

Face Cotton 0.42 8 

Stuffer PA-MWCNT2.5-CB5 1.40 4 

Back Cotton 0.42 8 

Sample 2 3.66 0.155 

Warp 

system 

Face Cotton 0.42 15 

Back Cotton 0.42 15 

Weft 

system 

Face Cotton 0.42 8 

Stuffer PA-MWCNT2.5-KB*5 1.40 4 

Back Cotton 0.42 8 

2.3. Characterization  

Characterization of the developed monofilament 

Electrical conductivity  

As mentioned previously, the electrically conductive materials can produce and conduct free 

charges which lead to electromagnetic shielding effectiveness. Therefore, the electrical 

conductivity of all the monofilaments was measured by means of Keithley SMU 2461 source 

meter by applying a given DC voltage and then measuring the current passing through the 

monofilament. The voltage applied between two points spaced by L = 1 cm was varied from -0.5 

to 5 V with an automatic increment of 0.5 V. The (I/V) curve was plotted for each sample and the 

electrical resistance R was inferred as the inverse slope of the curve. Then, equation (2) was 

applied to calculate the electrical conductivity.  

     
RS

L

×
=σ (Eq. 2) 

Where σ shows the electrical conductivity (S/m) and S is the cross-section area of the 

monofilament (m2). The cross-section area was calculated with the mean value of the rod 

diameter measurement (regarded as circular) for the monofilament. First, the electrical 

conductivity of PA6,6/MWCNT and PA6,6/CB was measured and plotted as a function of the 

filler concentration. Then, the percolation threshold generating an electrical conductivity (σth) for 

PA6,6-based composite filled with MWCNT as well as the one filled with CB was determined 

from the curve of electrical conductivity versus filler concentration. Finally, composites with 

higher electrical conductivity compared to σth were considered as conductive composites. 

Moreover, the electrical conductivity of the developed CPCs filled with (MWCNT:CB) or 

(MWCNT:KB*) was calculated. The preparing process of the composites contained MWCNT 

and CB (or KB*) was discussed earlier. 
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Morphology analysis  

Dispersion of nanofiller inside the polymer along with its concentration plays a significant role in 

electrical conductivity of the composite.  

Therefore, the qualitative dispersion of MWCNT, CB and (MWCNT:CB) inside PA6,6 was 

observed for six samples using transmission electron microscopy (TEM).  

For this purpose, all the samples were embedded into epoxy resin and ultramicrotome along the 

longitudinal direction using a diamond knife on a Leica ultra-cut UCT microtome, at Cryo 

temperature (-120°C) to give a section with a nominal thickness of 70 nm. Then, sections were 

transferred to Cu grids of 400 meshes. Bright-field TEM images of composites were obtained at 

200kV under low dose condition with FEI TECNAI G2 20 electron microscope, using a Gatan 

CCD camera and Gatan digital micrograph software. 

Melt flow index (MFI)  

The filament making process is strongly influenced by the viscosity of the composite. So, the 

MFI value of the composite should be in the standard range for melt mixing process by means of 

extrusion.  

As mentioned previously, increasing of carbon nanofiller inside the conductive polymer 

composites (CPC) is the main cause of difficulties in filament making process as a result of high 

viscosity. As a result, low values of MFI approve that the extrusion process of thermoplastic 

polymers meets complications. Therefore, the viscosity of all the composites was determined by 

melt flow index (MFI) test, performed at 280 °C with 2.16 kg load (ISO 1133-1), using 

ThermoHaake apparatus. (All the composite pellets were dried at 800C for 12 hours before MFI 

test.) 

Mechanical properties  

A tensile test was performed for two developed monofilaments using Tinius Olsen H5KT 

Benchtop tensile tester (ISO 2062) at 20-25◦C, 65 RH%. The sample length for the tensile test 

was fixed at 100 mm and the speed of traction was 50 mm/min. The tensile test was implemented 

for 5 specimens of each woven sample (sample 1 and sample 2) and the mean values were 

calculated. Mechanical properties of the electroconductive monofilaments are reported in      

Table 3. 
Table 3- Mechanical properties of the monofilaments applied in the weaving process 

Mechanical properties PA-MWCNT2.5–CB5 PA-MWCNT2.5–KB*5 

Maximum Force (N) 159.6 112.1 

Elongation at Maximum Force (delta l, mm) 29.9 13 

Stress at Maximum Force (MPa) 103.5 72.8 

Strain at Maximum Force (delta l/l0) 0.3 0.13 

Elastic Modulus or E (GPa) 2.78 2.08 

Modulus of Rigidity or G (GPa) 1.39 1.04 

Tenacity (cN/Tex) 8 5.6 

Electromagnetic Shielding effectiveness evaluation of compact two-ply woven structures with 

conductive monofilaments as stuffer wefts 

As mentioned previously, the main objective of the present study was to develop a monofilament 

yarn of conductive polymer composite (CPC) to produce wearable electromagnetic shielding 

clothing for personal protection. Therefore, the two developed electrical conductive 

monofilaments (PA-MWCNT2.5–CB5 and PA-MWCNT2.5–KB*5) were chosen due to their 
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electrical conductivity and viscosity in order to manufacture electromagnetic shielding woven 

samples (sample 1 and sample 2). 

The electromagnetic shielding effectiveness can be outlined as the ratio of the energy impinging 

on a side of the shield to the transmitted energy out the other side. Absorption and reflection 

occur when an electromagnetic wave passes through a shield and the remaining energy is the 

energy that emerges out from the shield. 

An anechoic chamber with a cut-out portion has been employed by some researchers to evaluate 

the shielding effectiveness of the planar materials such as fabrics [51–55]. However, such 

electromagnetic measurements are dependent on the wave polarization and a post-calculation 

should be required to evaluate the shielding effectiveness in a realistic electromagnetic 

environment. Here, an electromagnetic reverberation chamber (mode-stirred chamber) was 

employed to evaluate the shielding effectiveness of the samples. Such an apparatus allows 

evaluating the shielding effectiveness of the fabric in a realistic electromagnetic environment 

where the wave polarization cannot be controlled. A simple sketch of the mode-stirred chamber 

used for shielding effectiveness measurement based on IEC61000-4-21 standard is represented in 

Figure 3 [56]. The experimental set-up includes an emitting antenna and a mode-stirrer producing 

the external ambient electromagnetic energy around a closed region formed by a metallic box. On 

one side of the box only a window (size 15x15 cm2) allows to couple a receiving antenna to the 

ambient electromagnetic energy. The sample under test was introduced in front of the window 

and the transmitted power to the receiving antenna was measured PS. The transmitted power was 

previously measured without sample as a reference PREF as well. 

Actually, thanks to the stirrer all the wave polarizations were considered for the measurement. 

The transmitted power PS(θ) and PREF(θ) was measured by the receiving antenna when the stirrer 

was rotated from θ = 0 to θ = 360 degrees (one complete turn) by steps of 4 degrees, and the 

mean value of PS and PREF integrated over all the angle θ was considered to calculate the 

shielding effectiveness by means of equation (3). 









=

S

REF
10

P

P
log10)dB(SE  (Eq. 3) 

A two-layered sample was introduced in front of the window for electromagnetic shielding 

effectiveness evaluation. It means that two pieces (15×15cm2) of a woven sample were 

positioned perpendicular to each other in order to have electrical conductive monofilaments in 

both vertical and horizontal directions. The shielding effectiveness SE (dB) was measured and 

recorded at each frequency between 1 and 10 GHz. 

Table 4 shows that there is a significant difference across the groups in terms of the 

electromagnetic shielding effectiveness for general and professional use [57]. It should be noted 

that the final application of woven samples is to protect body against electromagnetic waves 

existing in the living environment (for general use).  
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Figure 3- Schematic of the mode-stirred chamber for shielding effectiveness evaluation  

Table 4- Performance specifications of electromagnetic shielding textiles [57] 

Grade 
5 

Excellent 

4 

Very good 

3 

Good 

2 

Moderate 

1 

Fair 

Percentage of 

electromagnetic 

shielding (ES) 

SE>99.9% 99.9%≥SE>99% 99%≥SE>90% 90%≥SE>80% 80%≥SE>70% 

Shielding 

effectiveness (SE) 

in general use 

SE>30dB 30dB≥SE>20dB 20dB≥SE>10dB 10dB≥SE>7dB 7dB≥SE>5dB 

Shielding 

effectiveness (SE) 

in professional use 

SE>60dB 60dB≥SE>50dB 50dB≥SE>40dB 40dB≥SE>30dB 30dB≥SE>20dB 

3. Result and Discussion 

Electrical conductivity of monofilament composites contained MWCNT or CB  

The objective of the present work was to obtain high electrical conductivity using low content of 

conductive nanofillers in the composite. The function of the produced composite was to develop 

a hybrid monofilament yarn for electromagnetic shielding effectiveness textile application. 

Therefore, the viscosity of the composite should be taken into account since high viscosity causes 

complications during the melt mixing (extrusion) process.   

PA6,6/MWCNT composites were produced with different content of MWCNT and the electrical 

conductivity curve is represented in Figure 4 (the blue curve). The percolation threshold of 

electrical conductivity of PA6,6 composite filled with MWCNT was determined on electrical 

conductivity curve. It is noted that the quantity of MWCNT should be higher than its amount at 

percolation threshold to generate an electroconductive composite. The conductive network was 

developed by increasing the content of MWCNT in CPC which led to higher electrical 

conductivity. The mass concentration of MWCNT in the polymer matrix (PA6,6) was 2 wt.% at 

percolation threshold. Obviously, the conductivity was increased using more quantity of 

Stirrer 

Emitting antenna 

Window 

(Sample) 

Metal box 

Receiving antenna 
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MWCNT in polymer substrate while all the developed CPCs after percolation are considered 

electrically conductive. As a result, PA-MWCNT2, PA-MWCNT3 and PA-MWCNT5 were 

revealed as electrical conductive composites.  

 
Figure 4- Electrical conductivity of PA6,6 composites filled with MWCNT or CB  

Also, the electrical conductivity of PA6,6/MWCNT was plotted versus MWCNT weight 

percentage (wt.%) in Figure 5 according to the classical percolation power law given in equation 

(4) [58-59]. Where σo is scaling factor, ρc is the percolation threshold of electrical conductivity, σ 

is the conductivity of the CPC and ρ is the nanofiller content of the produced CPC. It can be seen 

that the critical component was 0.8 when ρc was 2 wt.%.  


 = 
��
 � 
���  , for ρ>ρc   (Eq. 4) 

 

Figure 5- Electrical conductivity of fitting curve with pc = 2 wt. % using power law equation for PA6,6/MWCNT 

composite 
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Similarly, PA6,6/CB composite was produced using different quantity of CB. The percolation 

threshold of electrical conductivity for PA6,6/CB was determined on the electrical conductivity 

curve represented in Figure 4 (the red curve). The amount of CB was 15 wt.% at percolation 

threshold and the electrical conductivity of the CPC was meaningfully increased after percolation 

threshold. Consequently, PA-CB15, PA-CB20 and PA-CB30 were considered as conductive 

composites though the concentration of CB was considerably high to generate an 

electroconductive composite. Furthermore, the electrical conductivity of PA6,6/CB was plotted 

versus CB weight percentage (wt.%). This curve is depicted in Figure 6 while the critical 

component was 0.4 and ρc was 15 wt.%. 

 

Figure 6- Electrical conductivity of fitting curve with pc = 15 wt. % using power law equation for PA6,6/CB 

composite 

In addition, the dispersion of MWCNT was observed using TEM images for two samples before 

(PA-MWCNT1.5) and after (PA-MWCNT5) percolation threshold in Figure 7 (a and b). The 

MWCNTs in PA-MWCNT1.5 composite was not well dispersed as MWCNTs agglomerated in 

some regions. Also, the mass concentration of MWCNT was not sufficient for                             

PA-MWCNT1.5 and as a result, PA-MWCNT1.5 was not electrically conductive. 

The TEM image of PA6,6/MWCNT while the quantity of MWCNT was increased to 5 wt.% 

(PA-MWCNT5) is shown in Figure 7(b). It was suggested that MWCNTs were homogeneously 

dispersed in PA-MWCNT5 which established the electrical conductivity. 

(a) (b) 

Figure 7-Transmission electron microscopy images of PA-MWCNT1.5 (a) and PA-MWCNT5 (b)  

MWCNT agglomerates MWCNT 
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Also, the TEM images of PA-CB10 and PA-CB20 are represented in Figure 8 (a and b) to 

investigate the performance of CB nanofillers at two different concentrations of CB. It was 

suggested that CBs were agglomerated in some regions of PA-CB10 while CBs were 

homogeneously dispersed in PA-CB20.   

(a) (b) 

Figure 8- Transmission electron microscopy images of PA-CB10 (a) and PA-CB20 (b)  

In general, the CPC having MWCNT has a quite low percolation threshold compared to the one 

with CB in its composition. This is certainly because of the higher surface area of MWCNT 

compared to CB which cooperates in electrical conductivity enhancement. Also, it should be 

noted that the MWCNT dispersion was satisfactory in the polymer matrix and the electrical 

conductivity was established in the polymer using less amount of MWCNT compared to CB. 

Electrical conductivity of monofilament composites contained MWCNT and CB (MWCNT:CB) 

As declared in aforementioned section, the higher electrical conductivity was attained while the 

amount of conductive nanofiller was increased. The thermoplastic polymers are not generally 

electrically conductive and using conductive nanofillers is the well-known technique to enhance 

the electrical conductivity of the composites. However, the high quantity of conductive nanofiller 

increases the viscosity and the cost of the final product.  

Therefore, the best alternative was to increase the electrical conductivity while the amount of 

carbon nanofillers kept low applying the constructive effects of synergy between MWCNT and 

CB. For this purpose, different composites were produced with three different ratio between 

MWCNT and CB. Three CPCs were generated at percolation threshold and three other 

composites were produced while the greater amount of carbon nanofillers (50% greater) 

compared to the mass concentrations of nanofillers at percolation threshold was applied. It is 

noted that the critical percolation threshold of conductivity was calculated using the equation (1) 

provided in [34]. After that, the electrical conductivity of all the composites was determined and 

shown in Figure 9.  

CB agglomerates 

CB 
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Figure 9 - Electrical conductivity versus nanofiller concentration (MWCNT:CB) 

The results confirmed a significant growth in electrical conductivity due to the positive effects of 

synergism between MWCNT and CB. 

Furthermore, three composites were produced using the same mass concentration of nanofillers 

while the CB was substituted with KB*(PA-MWCNT2.6-KB*2.6, PA-MWCNT2.5–KB*5 and 

PA-MWCNT2–KB*7.8). 

Figure 10 illustrates the electrical conductivity of six generated composites contained 

MWCNT:KB* or MWCNT:CB. The higher electrical conductivity was observed for the 

composites with KB* compared to the ones with CB while other parameters kept constant 

(unchanged). The idea was to confirm the influence of the surface area of conductive additive on 

electrical conductivity due to the fact that KB* surface area is four times greater than CB.  
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Figure 10- Electrical conductivity versus nanofillers concentration (MWCNT:CB or MWCNT:KB*) 

The results stated that the conductivity of the composite with KB* was higher than the one 

contained CB. It is speculated to be due to a higher surface area of KB* which has a great impact 

on the electrical conductivity of the developed CPCs. 

As discussed earlier, the conductivity of CPCs is influenced by dispersion and concentration of 

carbon nanofillers in the polymer matrix. Thus, the dispersion of carbon nanofillers in PA6,6 was 

observed for two samples (PA-MWCNT1.7-CB3.3) and (PA-MWCNT2.5-CB5) using TEM 

which is illustrated in Figure 11 (a and b).  

(a) (b) 

Figure 11- Transmission electron microscopy images of PA-MWCNT1.7-CB3.3 (a) and PA-MWCNT2.5-CB5 (b) 

MWCNT agglomerates 

CB agglomerates 

MWCNT 

CB 
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The dispersion of carbon nanofillers was absolutely satisfying for sample PA-MWCNT2.5-CB5 

as it can be observed in Figure 11(b). It affirms that nanofillers mutually act like connections 

between one another thanks to synergy effects between CB and MWCNT.  

In fact, carbon nanofillers in PA-MWCNT2.5-CB5 were well dispersed compared to the 

composite contained one kind of carbon nanofillers. It occurred due to the fact that one of 

nanofiller particles (e.g. CB) played a connection role between the other nanofiller particles (e.g. 

MWCNT) and it led to uniform dispersion of nanofillers inside the composite. To conclude, the 

nanofillers were homogeneously dispersed in PA-MWCNT2.5-CB5. Therefore, PA-MWCNT2.5-

CB5 revealed the highest conductivity among all PA6,6-base composites filled with CB, 

MWCNT or MWCNT:CB.  

Melt flow index experiment 

It should be taken into account that the main peculiarity in high electrical conductive composite 

making process is viscosity. So, the viscosity of composites was defined by MFI test. The MFI 

values for all the composites (listed in Table 1) were measured since MFI has a major impact on 

determining spinnability conditions and the possibility of melt spinning. The very low value of 

MFI indicates the high viscosity of the composite and probable difficulties in the extrusion 

process.  

The MFI value was decreased by increasing the quantity of nanofillers shown in Figure 12. The 

same MFI trend was observed for both PA6,6/MWCNT and PA6,6/CB composites although the 

viscosity was significantly increased using the smaller amount of MWCNT compared to CB. 

 

Figure 12- Melt flow index values for PA6,6/MWCNT and PA6,6/CB composites 

The results confirmed that nanofillers cause viscosity complications in extrusion process although 

the electrical conductivity is increased. For example, PA-MWCNT5 and PA-CB30 cannot be 

considered to apply in yarn making process by melt mixing method due to the high viscosity. 

Also, the higher surface area of MWCNT compared to CB led to MFI value reduction using less 

amount of MWCNT. It should be considered that MFI value plays a crucial role in spinnability of 

polymer composites using melt mixing method. Thus, the composition should be optimized in 

terms of electrical conductivity and viscosity.  

The synergy between MWCNT and CB was applied to obtain the high electrical conductivity in 

the composite. The results showed that the electrical conductivity was relatively high compared 

to the composite contained one kind of nanofillers. The MFI values for all the composites 

contained MWCNT:CB is represented in Figure 13. 
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Figure 13- Melt flow index values for PA6,6/MWCNT:CB composites 

The results were compared to MFI values of the composites contained one kind of nanofillers 

(MWCNT or CB) in their compositions. It was concluded that badly behaved of viscosity was 

diminished given that the synergy effects between carbon nanofillers.  

Furthermore, the MFI values of the composites contained MWCNT:CB or MWCNT:KB* were 

presented in Figure 14. 

  
Figure 14- Melt flow index values for PA6, 6/MWCNT:CB and PA6,6/MWCNT:KB* composites 
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It was observed that the MFI of PA-MWCNT2-KB*7.8 was zero though this composite reached 

the highest electrical conductivity among all the produced CPCs. To conclude, the high viscosity 

of the composite with high content of KB* (PA-MWCNT2-KB*7.8) made it incompatible with 

melt mixing process even though its electrical conductivity was comparatively appropriate 

compared to the one contained the same content of CB and MWCNT.  

Electromagnetic Shielding effectiveness evaluation of compact two-ply woven samples using 

conductive monofilaments as stuffer wefts 

Two compact two-ply samples were manufactured with conductive monofilaments                      

PA-MWCNT2.5-CB5 for sample 1 and PA-MWCNT2.5-KB*5 for sample 2 as stuffer weft yarn 

in the middle of the structure. The electromagnetic shielding effectiveness of woven samples was 

measured in the frequency band 1-10 GHz in a mode-stirred chamber. The shielding effectiveness 

of these samples (sample 1 and sample 2) and the average curves of the electromagnetic shielding 

effectiveness are represented in Figure 15. It should be noted that the scattered SE data can be 

explained by the limited number of measurements. The stirrer was rotated by steps of 4 degrees 

and SE was calculated by the average of 90 measurements.  In order to reduce the data scattering, 

the step intervals have to be reduced which results in a greater number of measurements.  

However, the average value is considered as SE value at each frequency and it is not 

meaningfully influenced by increasing the number of measurements. 

It should be noted that these two monofilaments were chosen for fabric weaving due to their 

electrical conductivity and viscosity which make them appropriate for yarn making process by 

melt mixing method.  

 

 
Figure 15- Electromagnetic shielding effectiveness of compact two-ply woven samples with conductive 

monofilaments as stuffer wefts in the frequency band 1-10 GHz 

The average value of electromagnetic shielding effectiveness for the sample woven with PA-

MWCNT2.5-KB*5 monofilament as stuffer weft yarn (sample 2) was 16 dB at 1 GHz while it 

slightly decreased to 13dB at 10 GHz. The electromagnetic shielding effectiveness was around 
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15.5 dB between 1.8 GHz and 2.4 GHz and it was 14 dB at 5.8 GHz when 1.8 GHz corresponds 

to the frequency for mobile applications and 2.4 GHz and 5.8 GHz correspond to the ISM bands 

in Europe [60]. 

Moreover, the average value of electromagnetic shielding effectiveness of the woven sample with        

PA-MWCNT2.5-CB5 monofilament as middle weft yarn (sample 1) was higher than 10 dB in the 

frequency range 1-10 GHz. It was suggested that sample 2 (contained PA-MWCNT2.5-KB*5 

monofilament as middle weft) showed higher protection compared to the one weaved with PA-

MWCNT2.5-CB5 monofilament. The reason for that is correlated to the tenfold greater 

conductivity measured for PA-MWCNT2.5-KB*5 in comparison with that of PA-MWCNT2.5-

CB5. 

In conclusion, woven samples using the developed monofilaments are introduced as good 

candidates to apply for personal protection clothing against electromagnetic waves in our living 

environments as mentioned in Table 4.  

4. Conclusion 
In the present study, a set of conductive polymer composites (CPC) were developed using PA6,6 

and the combination of carbon black (CB or KB*) and multiwall carbon nanotube (MWCNT) by 

melt mixing method. The measured electrical conductivity of the developed monofilament was in 

agreement with the synergy effects between carbon nanofillers.  

It was noted that the nanofillers concentration has to be optimized due to the electrical 

conductivity and viscosity in order to make an appropriate composite for textile application. In 

terms of viscosity, the MFI value of the most conductive monofilament contained PA6,6, 

MWCNT and CB was 11.5 g/10min (at 280oC, 2.16 Kg load) which is tolerable in melt mixing 

method. In brief, the synergy effects of CB and MWCNT increased the electrical conductivity 

while the viscosity was controllable.  

Moreover, two conductive monofilaments (PA-MWCNT2.5–CB5 and PA-MWCNT2.5–KB*5) 

were applied in weaving process in order to make electromagnetic shield fabrics for wearable 

personal protection and the electromagnetic shielding effectiveness was evaluated in the 

frequency range 1-10 GHz. 

To conclude, the synergy effects between carbon black and multi wall carbon nanotube had a 

constructive influence on nanofiller dispersion in the composite. As a result, the electrical 

conductivity was improved while the viscosity was in acceptable range for extrusion. Also, the 

electromagnetic shielding effectiveness of the woven sample using the developed conductive 

monofilament as stuffer weft in the middle of the structure was promising for personal protection 

clothing (SE≥10 dB). 

In our further work, the diameter and flexibility of the developed monofilament will be improved 

in order to design various comfortable electromagnetic shield fabrics for personal protection.   
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