Evaluation on Manufacturing Technique and Electromagnetic Shielding Effectiveness of Functional Complex Fabrics
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ABSTRACT

Modern technology has advanced swiftly thus people have higher and higher demands for functional textiles. In order to have textiles with electromagnetic shielding effectiveness (EMSE) and far infrared emissivity, in this research we fabricated three types of bamboo charcoal/metal (BC/M) complex yarns with metal wires as the core yarn and bamboo charcoal textured yarn as the wrapped yarns, with a rotor twister machine. Two manufacture parameters for the complex yarns were rotor speed (8000 rpm) and wrapped number of the BC/M complex yarns (4 turns/cm). BC/M complex woven fabrics were made of cotton yarn (warp yarn) and BC/M complex yarns (weft yarns), using a loom machine. The surface resistivities of BC/M complex woven fabrics were first measured. Then EMSE evaluation was performed to test BC/M complex woven fabrics with different lamination angles. The BC/M complex woven fabrics exhibited higher surface resistivity than other woven fabrics by 1.71×1010 Ω/Sq; and the EMSE was 50 to 60 dB when the lamination number was 6 at incident frequencies between 1.83 and 3 GHz, which was satisfactory.
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Introduction 

In recent years, the fast development of the telecommunication and constant update of the cellular phone systems and functions bring lots of convenience for our life and commerce. Nevertheless, when it comes to the impact of using cellular phones, people pay the most attention to the hazards they bring, especially the health issues in relation to the electromagnetic waves of cellular phones [1-3]. Electromagnetic waves are everywhere in the modern society and they can be divided into non-ionizing radiation and ionizing radiation based on their frequencies. The former is able to provide enough energy and heighten the heat of the organization while the latter is with higher energy which breaks the covalent bond to form ions and damages the organism system. In our daily life, electromagnetic waves are ubiquitous, such as ultraviolet, sunshine, far infrared ray, radio, TV radiation, military radar waves, radar waves from the weather forecast, the lights from the night scenes, X-ray, gamma ray, radiation ray and so on. As a matter of fact, all the electronic appliances in use can generate electromagnetic waves at different levels of strength. To the public, cellular phones are the closest sources for them to expose to the non-ionizing radiation or electromagnetic waves. Meanwhile, the brain injury caused by cellular phones’ closely touching ears has been the primary objective of the epidemic research [4-7], thus the aim of this research was to fabricate the functional woven fabrics with EMSE. However, in previous studies, fasciated yarns were mostly made of metal wires wrapped with staples using a ring spinning [8-11], The complex yarn prepared via ring spinning process, after long-time service, could produce unstable electrical properties. For this reason, this research uses the filament spun systems to overcome the weakness. In this research we fabricated the BC/M complex yarns with stainless steel wires wrapped with bamboo charcoal polyester textured yarn using a rotor twister machine [12-17]. Moreover, the BC/M complex yarns were fabricated into BC/M complex woven fabrics and then the complex woven fabrics were evaluated with EMSE and surface resistivity. 
Experimental
Materials

The 75 d/ 72 f/ 2 bamboo charcoal textured yarn was offered by Hua Mao Nano-Tech Co., Ltd, and the metal wires included 0.04 mm stainless steel wires, 0.08 mm stainless steel wires and 0.08 mm copper wires. Both stainless steel wires were provided by King's Metal Fiber Technology Co., Ltd and the copper wires were supplied by Floodlit Enterprise Co., Ltd.
Manufacturing technique

Fig. 1 displays the configuration of the rotor twister machine. Bamboo charcoal polyester textured yarn was set on the cone (B) and then was placed onto the rotor twister (C) which was activated by a tangent belt (D) driven by a motor. Stainless steel wires went through the thread eyes (A) and were drawn by the winding roller to form the bobbin yarn (F). When the rotor twister rotated, the yarns would be twisted. Both rotor speed and winding roller speed determined the wrapped number. When the rotor speed was constant, the decrease of the winding roller speed generated higher wrapped number. The complex yarns were held by the winding roller, twisted by the rotation of the roller twister and then collected by the winding roller. The complex yarns were shown in figure 2 and 3.

In this research, we fabricated the BC/M complex yarns with a novel rotor twister machine. The core yarn was metal wires which were electrically conductive, and the wrapped yarn was bamboo charcoal polyester textured yarn. Then the BC/M complex wrapped yarns were made into BC/M complex woven fabrics, with a loom machine (Sulzer, G6300, Italy).
The BC/M complex yarns were designed with manufacture parameters with a) rotor speed was 8000 rpm and b) wrapped number was 4turns/cm. There were three core yarns for BC/M complex wrapped yarn and they were 0.04 mm stainless steel wires, 0.08 mm stainless steel wires, and 0.08 mm copper wires. The BC/M complex woven fabric had BC/M complex yarns as the weft yarn and the cotton yarn as the warp yarn in a plain weaving.  
Measurement 

The surface resistivity measurement 

This measurement was performed as specified in JIS L1094, with a tester (RT-1000, Static Solutions Inc, USA). The specimens were placed on the Teflon laminate before the test started to ensure a complete insulation. The tester was loaded with a 5 lb-weight in order to keep two parallel electrode plates well contacted with the specimens. Each specimen was tested 20 times and each test was at a different location. The average value was recorded. 
Electromagnetic shielding effectiveness measurement

The electromagnetic shielding effectiveness measurement was performed as specified in standard sample, with a shielding effectiveness test sample holder ( EM-2107A), shown in Fig. 5(a). The scan frequency range varied from 300K to 3G Hz and the electromagnetic field was far-field plane-wave. Fig. 5(b) shows the specification of the specimens; the left one is the washer type as reference specimen to rectify the EMSE tester and its EMSE is marked as SERef. BC/M complex woven fabrics were tested with EMSE and the value was marked as SELoad. We subtracted SERef from SELoad and had the real EMSE.

Result and discussion
Electrical conductivity of the BC/M complex woven fabrics
All the woven fabrics contained cotton yarn as the warp yarn but their weft yarns were different. The weft yarn of the cotton woven fabrics (CWF) was cotton yarn, while the weft yarn of the bamboo charcoal polyester woven fabrics (BCWF) was bamboo charcoal polyester textured yarn. Moreover, the weft yarns for the three BC/M complex woven fabrics, namely BC/S (0.04) complex woven fabrics, BC/S (0.08) complex woven fabrics, and BC/C complex woven fabrics, were three different BC/M complex yarns. 
Three core yarns for BC/M complex yarns including 0.04 mm stainless steel wires, 0.08 mm stainless steel wires, and 0.08 mm copper wires were wrapped individually with the bamboo charcoal polyester textured fiber to form the BC/S (0.04) complex yarns, BC/S (0.08) complex yarns, and BC/C complex yarns. Fig. 6 presents the surface resistivity of the BC/M complex woven fabrics with different weft yarns. All the woven fabric had cotton yarns as the warp yarns, thus the surface resistivity depended on their weft yarns.
 In Fig. 6, three BC/M woven fabrics which contained metal wires had lower surface resistivity than CWF and BCWF as metal had good electrical conductivity. However, the difference of surface resistivity between different woven fabrics was not distinct and it may be due to the structure of the woven fabrics. From the cross-section of the woven fabrics, we could see the warp yarn and the weft yarn were both wavy instead of linear. The warp yarn emerged on the weft yarn kept the probe less contact with the metal wires in the weft direction, so the surface resistivity was higher in the weft direction. Though the warp yarn was cotton yarn which was not electrically conductive, but the weft yarn contained metal wires which offered the electrical conductivity to the warp yarn indirectly, the BC/M woven fabrics displayed lower surface resistivity in the warp direction.
Among three BC/M complex woven fabrics, the BC/C complex woven fabrics had the lowest surface resistivity. BC/S (0.08) complex woven fabrics had lower surface resistivity than BC/S (0.04) complex woven fabrics. With the same wrapped number, thicker metal wires had more chances to expose to the probe, so the BC/S (0.08) complex wrapped yarns had lower surface resistivity. In particular, BC/C complex woven fabrics displayed 50 times lower surface resistivity than BC/S (0.08) complex woven fabrics.
The influences of the lamination number and incident frequencies on EMSE of the BC/M complex woven fabrics
Figs. 7 to 9 show the EMSE of the BC/M complex woven fabrics with different lamination number and incident frequencies when the laminated angles are 0°/0°/0°/0°/0°/0°. The EMSE increased slightly with the lamination number but the EMSE differed less than 5 dB between each lamination number. This result may due to the 0°/0°/0°/0°/0°/0° laminating, all the fibers and metals from each layer were arranged with the same angles. When the electrically conductive nets were corresponding to each other, there were a few circuits per unit area, thus the electromagnetic interference (EMI) could not be rendered to the incident waves. BC/ S (0.08) and BC/S (0.04) complex woven fabrics had almost the same EMSE because to increase the content of stainless steel wires could not increase the circuits per unit area effectively. But in specific frequency, BC/S (0.04) had higher EMSE than BC/ S (0.08). Cheng [18] et al had pointed out that among fabric structure coarser metal wire possessed lower EMSE, which was called as skin effect. Comparatively, finer metal wire had better EMSE. This is because high-frequency electromagnetic wave had smaller penetration depth for finer stainless steel wires. When electromagnetic wave enters inside of fibers, electric field intensity of plane wave presents exponent attenuation. The attenuating degree relates to 1/e of incident energy, which is defined as:
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Moreover, BC/C complex woven fabrics had higher EMSE than BC/S (0.04) and BC/S (0.08) complex woven fabrics because copper wires had good electrical conductivity ((r) which reflected the incident waves and increased the EMSE. In sum, the increase of the lamination number was not beneficial to the EMSE of the BC/M complex woven fabrics. The EMSE was not ideal, thus it was essential to change the directions of metal wires and fibers. In particular, when the lamination number was 6 and the incident wave frequency was 1.2 GHz, BC/M complex woven fabrics displayed EMSE at 20 dB, which was graded “Good”. 
The influences of the lamination number, laminated angles, and incident frequencies on the EMSE of the BC/M complex woven fabrics
Comparing with Figs.10 and 13, it is found that using lower diameter of metal wire in fabric structure generated better EMSE in some specified incident frequency. This phenomenon is called as skin effect, which is because high frequency electromagnetic wave produced smaller penetration depth for finer metal wire. Electric field intensity of plane wave decreased with increase in penetration depth. And finer metal wire possessed high EMSE. These are because improvement of metal volume content is conductive to reduce electromagnetic wave energy. 
Figs. 10 to 15 show the EMSE of the BC/M complex woven fabrics with different lamination number and incident frequencies when the laminated angles are 0°/45°/90°/-45°/0°/45° or 0°/90°/0°/90°/0°/90°. The major factor of the EMSE lay in the permeability (μ) of the shielding materials; when μ was bigger, the magnetic flux of the materials was higher and the strength of the shielding magnetic field was stronger. 
According to Figs. 10 to 13, under the same incident wave frequency, BC/M complex woven fabrics displayed increasing EMSE if lamination number increased. This result may due to lamination angles, which helped enlarge the metal coverage area and intensify the electrically conductive net, thus there were more circuits per unit area to shield the EMI effectively. When the incident electromagnetic wave was over 2100 MHz, the BC/S (0.04) and BC/S (0.08) complex woven fabrics displayed lower EMSE distinctly. With the increase of the frequency, the electromagnetic wave length became shorter and the incident waves were able to penetrate the crevices of the fabric. Such wave leak lowered the EMSE. 
BC/S (0.08) complex woven fabrics had higher EMSE than BC/S (0.04) complex woven fabrics, as shown in Figs. 11 and 13, as higher stainless steel content contributed to higher EMSE. If the lamination angles were constant, the stainless steel content of BC/M complex woven fabrics did not influence the EMSE obviously. However, if we increased the stainless steel content and changed the laminated angles in the same time, the EMSE was promoted largely. Based on Fig. 14, when the lamination number was 6 layer, changing the laminated angles was beneficial to the EMSE of the BC/S (0.04) complex woven fabrics as the EMSE was higher with both 0°/45°/90°/-45°/0°/45° and 0°/90°/0°/90°/0°/90° laminating than with 0°/0°/0°/0°/0°/0° laminating by 20 to 50 dB. In particular, when lamination number was 2 with 0°/90°/0°/90°/0°/90° laminating at incident frequencies 1.79 to 2.64 GHz, the BC/S complex woven fabrics exhibited EMSE at 30 to 40 dB which was graded “Excellent” and shielding ratio was 99.9%. Meanwhile, when the lamination number was 6 with 0°/90°/0°/90°/0°/90° laminating at incident frequencies 1.89 to 3 GHz, the BC/S complex woven fabrics displayed EMSE 50 to 60 dB which was ranked “Very Good” and the shielding ratio was between 99.999% to 99.9999%. We also observe that with increase of fabric thickness, EMSE improved accordingly. It can be explained by the fact that EMSE greatly concerned with materials’ thickness as shown in equation.
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 A is the absorption loss in dB;
 t is the thickness of shield in mm; 
f is the frequency in MHz; 
μγand Gγ respectively shows the constants specific to a particular material. 
For rigid metal components, metal conductivity and magnetic permeability determine the EMI. Metallic silver, copper and aluminum have high conductivity, but nickel, stainless steel and alloy own high permeability. In this study, we use copper complex yarn due to its high conductivity. 
In Figs. 15 and 16, EMSE of the BC/C complex woven fabrics did not increased obviously when the lamination number was over 3 and it may be because the metal coverage area was saturated with copper wires so that the metal content did not affect EMSE much. The BC/S complex woven fabrics displayed lower EMSE at incident frequencies over 2000 MHz due to the electromagnetic wave leak, but BC/C complex woven fabrics displayed higher EMSE (Fig. 16) which may be because copper wires had better electrical conductivity coefficient ((r) and were able to reflect the electromagnetic waves and heighten the EMSE at high incident frequencies. Thus the EMSE increased noticeably. Finally, when the lamination number was constant, BC/C complex woven fabrics with 0°/45°/90°/-45°/0°/45° and 0°/90°/0°/90°/0°/90° laminating displayed higher EMSE than with 0°/0°/0°/0°/0°/0° laminating by 20 to 50 dB. 
Conclusion

   In this research, we successfully manufactured the BC/M complex yarns using a rotor twister machine. Metal wires (stainless steel wires/copper wires) served as the core yarns and bamboo charcoal polyester textured yarn was the wrapped yarn. Then the BC/M complex yarns were made into BC/M complex woven fabrics with a loom machine. 

    The BC/C complex woven fabrics had the lowest surface resistivity, followed by BC/S (0.08) complex woven fabrics and BC/S (0.04) complex woven fabrics. The surface resistivity in the weft direction was lower than that in the warp direction. BC/M complex woven fabrics had noticeably higher EMSE with the increase of the lamination number and different laminated angles. In particular, BC/C complex woven fabrics had distinctly increasing EMSE at high incident frequencies; when the lamination number was 3, BC/C complex woven fabrics displayed satisfactory EMSE. When the lamination number was 6 with 0°/90°/0°/90°/0°/90° laminating at incident frequencies 2 to 3 GHz, BC/C complex woven fabrics had EMSE 56.6 to 63.9 dB which was ranked “Very Good” for professional use and the shielding ratio was between 99.999% and 99.9999%. The results of this research helped promote the value-added of functional textiles effectively and rendered the textiles static electricity resistance and EMSE. Moreover, such functional textiles can be further applied in EMSE outfits, microwave oven shielding, EMI reduction for telecommunication products and medical equipments and so on. 
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