

  coatings-12-01368




coatings-12-01368







Coatings 2022, 12(9), 1368; doi:10.3390/coatings12091368




Article



Approach to the Modification of Carbon-Based Composite Conductive Ink for Silicone Keypads



Yujie Zheng 1, Xiutao Yang 1, Qianyan Zhao 1, Yaning Hao 1, Yucheng Yang 1, Juehan Sun 1, Junqiang Tang 2, Hongguo Zhang 3 and Guanggen Zeng 1,*





1



College of Materials Science and Engineering, Sichuan University, Chengdu 610065, China






2



Sichuan Shengfa Electronic Technology Co., Ltd., Dazhou 636251, China






3



Jiangsu Pangea Semiconductor Equipment Technologies Co., Ltd., Nantong 226010, China









*



Correspondence: zengggscu@163.com







Academic Editors: Giorgos Skordaris and Jiri Militky



Received: 3 August 2022 / Accepted: 16 September 2022 / Published: 19 September 2022



Abstract

:

Carbon-based composite conductive ink (3CI) has some challenges to its properties. Here, combined with the application of 3CI on silicon keypads, a series of studies on the electrical, mechanical and thermal performance of 3CI has been conducted by adding specific concentrations of silver powder, silica powder and SiO2@Ag core-shell particles. The properties of the modified 3CI were characterized by using the four-point probe tester, scanning electron microscope, Rockwell hardness tester, cross-cut tester and laser thermal conductivity analyzer. The experimental results revealed that by adding silver powder with a particle size of 20 microns equivalent to 12% by weight of the 3CI, ink resistance decreased by 76%, from 8.44 kΩ/□ to 2.03 kΩ/□. Meanwhile, adding silica can increase the ink’s tensile strength and thermal diffusivity while improving the adhesion of the 3CI on the silicone rubber. It was worth noting that when the particle size of the SiO2@Ag core-shell particle was smaller than that of the added silver powder, the resistance of the 3CI was further reduced. Finally, a modified 3CI with the adhesion of 4B, a conductivity of about1 kΩ/□, a hardness of 232 HV0.5, and a thermal diffusivity of 0.217 cm2s−1 was achieved experimentally, which provided an experimental basis for the modified 3CI suitable for silicone keypads.
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1. Introduction


Because conductive ink is extensively used in silicone keypads, flexible electronic devices [1], radio frequency identification (RFID) systems and many other fields, its performance affects the future direction of printed electronic products [2]. As an essential part of electronic products, conductive silicone keypads have received immense attention, because of their excellent elasticity, tactility, easily decontaminated surfaces, and good anti-aging properties [3]. The silicone keypad’s most widely used conductive layer is carbon-based composite conductive ink (3CI). Its conductive filler is mainly composed of graphite, carbon black, carbon fiber and their mixtures [4,5], which has the advantages of low cost, simple manufacture and good stability. However, the resistivity of amorphous carbon powder and graphite is relatively large. After curing, 3CI has relatively low conductivity (100~102 kΩ/□), poor humidity resistance, significant temperature coefficient (under low voltage, from 20 °C to 40 °C, the resistance increases by nearly two orders of magnitude), and weak adhesion, which can only be used for electronic products with low electrical conductivity. Filling with carbon powder will increase the viscosity of the ink to enhanced interfacial interaction, but will lead to poor dispersibility and difficulty in forming conductive network chains; in addition, due to the unstable layered structure of graphite [6], the contact area and probability between the conductive particles in the 3CI may be reduced, resulting in poor conductivity. A practical method is to provide additional electrical connection bridges by adding metal powder, which can significantly improve the electrical conductivity and durability of the ink [7]. Common metal conductive fillers are silver, copper, platinum and gold [8]. From the perspective of electrical conductivity, the volume resistivity of silver is 1.6 × 10−6 Ω·cm, copper is 1.7 × 10−6 Ω·cm and gold is 2.3 × 10−6 Ω·cm [9]. However, in terms of price, gold is about 25 times more than silver and 8000 times more than copper. Due to the low cost of copper, it is developing rapidly [10]. Yujia Yuan et al. reported a one-step synthesis of a wet chemical method for preparing core-shell nanostructures of copper and silver. Their work showed the thermal stability against oxidation and electrical properties of Cu@Ag core-shell nanoparticles. However, copper is easily oxidized in the air, and the surface treatment of copper particles is not only complicated but also susceptible to losing the electrical characteristics and the thermal stabilities of the Cu@Ag particles [11].



Therefore, inks using silver as the conductive phase have always been the mainstream research and development focus of electronic products requiring high reliability, conductivity and precision of the conductive layer.



However, in order to ensure the excellent electrical conductivity of the ink, the amount of silver powder added is often high, and the particle size and morphology of the silver powder need to be precisely controlled [12], which easily leads to increased cost, low adhesion and weak mechanical strength issues. To address these challenges, numerous research groups have developed alternative additives for silver-containing materials for desired performance and cost savings [13]. Wei Wu et al. presented a facile approach to synthesize a cheaper conductive filler by coating Ag NPs on the surface of carbon, which was dispersed in epoxy resin and organic solvent to prepare a conductive paste [14]. However, the submicron particle size of the C@Ag particles has low mobility and inevitable aggregation problems in the polymer matrix [9], resulting in a lack of electrical and mechanical properties. Due to silicone rubber having a smooth and soft surface, a dielectric constant of less than 2.8, low macromolecular polarity and chemical inertness, the inks are difficult to print firmly on the surface of silicone rubber keypads. Therefore, the adhesion and stretch resistance of the conductive ink directly determines the service life of the keypads.



SiO2 ultrafine powder has high chemical stability, a large surface area, good thermal conductivity, a low coefficient of thermal expansion (0.5 ppm/°C) and the same composition as silica gel xSiO2-yH2O. Separating the SiO2 particles into the carbon-based ink can enhance the adhesion between the ink and silicone [15], optimize the mechanical and thermal properties of the contact area and thus improve the service life of the keypads [16]. However, only adding silica cannot increase the conductivity of the ink. Therefore, SiO2 and Ag were synthesized into SiO2@Ag core-shell composite conductive particles with high electrical conductivity [17], high thermal conductivity and low expansion coefficient. Various methods of preparing the SiO2@Ag composite have been developed, including chemical reduction, micro-emulsion, gel-sol, template, reverse micelle and adsorption [18,19,20,21,22,23]. By introducing the SiO2@Ag composite particles into 3CI, the adhesion between the conductive layer and the keypads will be enhanced while maintaining high conductivity. However, the resistivity of the ink added purely with SiO2@Ag as the conductive particle is still high and cannot meet the requirements of high conductive applications. Hence, it is necessary to introduce Ag powder into the composite ink for electrical control.



To develop a high-performance 3CI, a series of modification measures of the ink have been created in this work. Moreover, the characteristics of the modified ink were also analyzed in detail.




2. Experimental Section


2.1. Preparation of SiO2@Ag Core-Shell Particle


The SiO2@Ag core-shell particle was prepared in this experiment using the chemical silver plating method [24]. In total, 0.1 g of SnCl2 was added to the mixed solution of 0.2 g of SiO2 and 2 mL of anhydrous ethanol that had been ultrasonically dispersed for 15 min. After sealing with tinfoil, the container was put into an electric blast drying oven at 70 °C for 330 min until all the anhydrous ethanol evaporated, and the modified SiO2@Sn2+ powder was obtained through the sensitization reaction. Next, the SiO2@Ag seed solution obtained by the activation reaction of all the modified SiO2@Sn2+ powder and 0.08 of mol/L AgNO3 solution consisting of 5.8 mL of ammonia, 0.0788 g of AgNO3 and 0.0348 g of NaOH was added to the reducing solution consisting of 0.1458 g of anhydrous glucose, 0.1142 g of potassium sodium tartrate and 9 mL of deionized water while stirring. Then this mixture was placed into a centrifuge at 10,000 r for 5 min. After repeated washings with deionized water and pouring off the clear liquid in the upper layer, the bottom sediment was dried at 80 °C in an electric blast dryer to obtain the SiO2@Ag core-shell particle. A schematic diagram of the above process is shown in Figure 1.




2.2. Preparation of Modification of 3CI


Different contents of Ag, SiO2, and SiO2@Ag core-shell particles powder were added to 0.5 g of the ink, respectively. The components are listed in Table 1. After sufficient ultrasonic dispersion and stirring, a modified 3CI was achieved. The ink was applied by spin coating with adjusting the rotational speed from 50 to 1000 rpm to the quartz glass surface and silicone rubber keypad surface shown in Figure 1.



According to the difference in the characteristics of the substrate, the ink coated on the quartz glass was cured in an electric blast drying oven at 140 °C for 1 h. In contrast, the ink painted on the silicone rubber keypads was cured with 254 nm of UV light for 15 min. Before this process, all the inks were baked by using an infrared lamp for 15 min. The thickness of the ink layer in this work was between 20 microns and 3200 microns, which was controllable, relatively uniform and able to be adjusted as needed.




2.3. Characterization


In this work, the thickness of the ink was tested with a profilometer; the composition and morphology of the modified ink and SiO2@Ag core-shell particle were characterized by an X-ray diffractometer (XRD, Shimadzu, Kyoto, Japan) and scanning electron microscope (SEM, Hitachi, Tokyo, Japan); the compressive resistance and adhesion properties of the modified ink coated on the substrate were tested by VTD-512 digital Rockwell hardness tester (Wowei Technology Co., Ltd., Beijing, China) and QFH-A cross-cut tester (Huake Precision Instrument Co., Ltd., Dongguan, China); the electrical conductivity and thermal conductivity of the modified ink were characterized by RTS-9 four-point probe (Guangzhou 4Probes Tech Ltd., Guangzhou, China) tester and LINSEISLFA-1000 laser thermal conductivity analyzer (Linseis Inc, Selb, Germany). The tensile resistance of the modified inks was characterized using an INSTRON-5985 electronic universal material testing machine (AG, Instron, Norwood, MA, USA).





3. Results and Discussion


3.1. Structure and Morphology


The XRD diffraction patterns of samples 3, 5 and 6 are shown in Figure 2a. Comparing with the PDF cards of Ag and SiO2 below this picture, the SiO2 peaks of sample 5 at 2θ = 28°, 38° and 44°, sample 3 and sample 6 at 2θ = 38° and 44° can be observed, respectively. Furthermore, the Ag peaks at 2θ = 38°, 44°, 64° and 77° were observed for all three samples. That meant the silver particles obtained by reduction were successfully deposited and coated on the silica surface to form the SiO2@Ag core-shell particle. The SEM surface morphology of samples 3, 5 and 6 are shown in Figure 3. The SiO2 particles of sample 5 with a diameter of about 5 μm can be seen in Figure 3b. Furthermore, its irregular shapes and sharp protrusions can be also discerned. This indicated that adding silica may destroy the original conductive channels of the ink, thereby increasing the resistance of the ink after curing, which was consistent with the later electrical performance tests. Combining the SEM images of Figure 2b and Figure 3a, it can be observed that the sharpness of the SiO2@Ag core-shell particle surface was improved after silver was deposited on the silica surface. This change indicated a better coating effect and more obvious electrical connections between particles. However, the surface condition of the cured ink with the SiO2@Ag core-shell particle was different from sample 5, as depicted in Figure 3b. The whole inks shown in Figure 3a,c have a viscous and dense morphology, especially sample 3. This caused local electrical channels to be blocked by silica that was not fully coated with silver during curing and had a negative effect on the electrical properties of the ink.




3.2. Electrical Properties


The square resistance of samples was measured at the same points shown in Figure 4e. The numbers in Figure 4e represent the five test points respectively. As listed in Table 1, adding silver powder can effectively reduce the resistance of the ink, but the changing trend was different. The resistance of the ink to which silver powder with a diameter of 20 microns was added decreased more than that of the ink to which silver powder with a diameter of 50 nm was added. In contrast, after adding silica powder, the resistance of the ink increased. For example, the resistance of sample 3 increased by 10% compared to that of sample 2, while the resistance of sample 5 increased by 4% compared to that of sample 4. It was worth noting that when the SiO2@Ag core-shell particles were added, the resistance of the ink containing 50 nm of silver powder increased. This was because when the particle size of SiO2@Ag was significantly larger than that of the silver powder, the silver plating on the surface of the silica was incomplete. The exposed silicon dioxide will destroy the original conductive channel, resulting in a decrease in conductivity. This was consistent with the results of the previous SEM analysis. Meanwhile, the resistance of sample 6 added SiO2@Ag core-shell particle with a diameter smaller than that of the silver powder was significantly reduced, only by about 50% of the original value. This was attributed to the easy formation of “electric bridges” [25] between the adjacent silver and the SiO2@Ag core-shell particles.




3.3. Mechanical Properties


Figure 4 showed the cross-cut tester adhesion test (paste coated on silicone) according to international test criteria for adhesion (ASTM standard) and the hardness test (paste coated on the copper sheet), and the corresponding test results are listed in Table 2. The adhesion grade of the ink on the silicone rubber keypads with the addition of silver powder remained without appreciable variations at the 3B level, while the adhesion grade of the ink with the addition of silica increased from 3B to 4B. When the 3CI containing silica was coated on the silicone rubber keypads, the diffusion and fusion of silica in the ink and silicone rubber during curing will form additional adhesion channels, which eventually will lead to increased adhesion of the contact surface between the ink and the keypads.



Furthermore, the hardness of sample 0 without any addition was 198 HV0.5 as listed in Table 2, while that of the ink with the addition of silver powder decreased to 168.1 HV0.5. It was worth mentioning that with the addition of silica, the maximum hardness of the cured ink reached 232 Hv0.5, which exceeded the hardness of sample 0. In addition, the hardness of the cured ink with SiO2@Ag decreased to 205 Hv0.5, but it was still higher than sample 0. As shown in Figure 3c, the distribution of fine particles (not SiO2@Ag) on the surface of the cured ink indicated that the hardness-enhancing silica cannot be uniformly distributed throughout the thickness of the ink. That revealed fewer SiO2@Ag particles on the top surface and more SiO2@Ag particles on the bottom, which led to a decrease in the average hardness of sample 6.



The effect of the addition of the SiO2@Ag core-shell particles on the tensile properties of 3CI was investigated as shown in Figure 5a. In this section, sample 6-1 as a comparison was fabricated by adding 0.06 g of silver powder with a particle size of 20 μm and 0.006 g of SiO2@Ag core-shell particle to 0.5 g of the ink. Table 2 lists the test results of the samples on the silicone rubber keypads. Under the condition of using the same pressure, the tensile displacement at fracture (standard) of sample 6-1 was smaller than that of sample 6, indicating that adding SiO2@Ag can improve the ink’s tensile strength. As we know, the addition of the SiO2@Ag core-shell particle was equivalent to introducing a reinforcing material inside the ink, and a closed area was formed between the SiO2@Ag core-shell particles, which can further increase the tensile strength of the cured ink and improve the hardness of the ink. When 3CI with SiO2@Ag core-shell particle was coated on the silicon rubber, the tensile strength of the substrate silicone rubber was also improved due to the enhanced adhesion between the 3CI and the keypad interface, which was consistent with the above description.




3.4. Thermal Properties


The thermal diffusion process of samples 4, 5 and 6 at room temperature are shown in Figure 5b. The inset in the figure is a partial enlarged view. It can be seen that the temperature difference between the upper and lower surfaces of the samples gradually decreased with the increase in time, indicating that heat transfer was carried out inside the sample. As listed in Table 2, the quality of fit value of the curve was more than 95 (quality of fit refers to the consistency between the fitted curve calculated by the instrument and the actual measurement results; if the value is greater than 95, the result is credible). The specimen is subjected to a high-intensity, short-duration radiant energy pulse. The energy of the pulse is absorbed on the front surface of the specimen and the resulting rear-face temperature rise (thermogram) is recorded. The thermal diffusivity value is calculated from the specimen thickness and the time required for the rear-face temperature rise to reach certain percentages of its maximum value. When the thermal diffusivity of the sample is to be determined over a temperature range, the measurement must be repeated at each temperature of interest. For the one-dimensional, adiabatic case, the thermal diffusivity α can be calculated by [26]:


  α  = 0   . 1388  ×  d 2  /  t  0.5    



(1)







α is the thermal diffusivity in cm2/s; d is the thickness of test specimen in cm; t0.5 is the time at 50% of the temperature increase, measured at the rear of the specimen in s.



The addition of silver powder reduced the thermal diffusivity of the ink (from 0.184 cm2s−1 to 0.074 cm2s−1), which was a phenomenon that requires great attention for the ink used in high-power environments. With the addition of silica, the thermal diffusivity of the ink increased and exceeded that of the original ink. Furthermore, with the addition of the SiO2@Ag core-shell particle, the thermal diffusivity of the ink decreased to 0.217 cm2s−1, but this value was still higher than that of the original ink. These changes further demonstrated that the addition of the SiO2@Ag core-shell particles could also optimize the thermal conductivity of the ink while optimizing the electrical and mechanical properties.





4. Conclusions


In this work, a method to improve the performance of the ink was proposed in combination with the application of carbon-based composite conductive ink on silicone keypads. That is, the method involves adding silver powder that can increase the conductivity of the ink, silica powder that can increase the thermal conductivity, wear resistance, tensile strength and adhesion, and the SiO2@Ag core-shell particle combining the above advantages of silver powder and silica powder. Through experimental testing and results analysis, it can be concluded that when the particle size of the silica is smaller than that of the silver powder, adding silica powder to the ink can improve the mechanical and thermal properties simultaneously. Furthermore, adding SiO2@Ag core-shell particles can improve the electrical and mechanical properties of the ink. However, it is necessary to control the shape of silica as the core material precisely, to reduce the sharp protrusion on its surface significantly, and then to ensure that the nano-sized silver powder is uniformly coated on the silica surface. The above results provide an experimental basis for developing carbon-based composite conductive inks with special applications by adding silver, SiO2 powders and SiO2@Ag core-shell particles with different particle sizes and shapes.
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Figure 1. Modified 3CI fabrication process. 
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Figure 2. XRD patterns of modified samples 3, 5, and 6 (a), SEM diagram of SiO2@Ag core-shell particle (b). 
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Figure 3. SEM images of modified samples 3 (a), 5 (b) and 6 (c). 
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Figure 4. Adhesion test of sample 0 (a), sample4 (b), and sample 6 (c) and hardness test physical map (d), four-point probe measurement position (e). 
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Figure 5. Tensile test results of samples 6 and 6-1 (a), and thermal diffusion results of samples 4, 5 and 6 (b). 
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Table 1. Modified components of 3CI and the corresponding electrical properties (Unit: kΩ/□).
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	Sample
	Ink (g)
	Ag (g) [50 nm]
	Ag (g) [20 μm]
	SiO2 (g)
	SiO2@Ag (g)
	Square Resistance (kΩ/□) (Average ± 0.01)





	0
	0.5
	0
	0
	0
	0
	8.44



	1
	0.5
	0.06
	0
	0
	0
	4.36



	2
	0.5
	0.06
	0
	0.003
	0
	4.80



	3
	0.5
	0.06
	0
	0
	0.003
	4.82



	4
	0.5
	0
	0.06
	0
	0
	2.03



	5
	0.5
	0
	0.06
	0.003
	0
	2.11



	6
	0.5
	0
	0.06
	0
	0.003
	1.02
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Table 2. Tensile test and Thermal diffusivity results.
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	Sample
	Adhesion Grade
	Hardness/Hv0.5
	Tensile Displacement at Fracture (Standard)/mm
	Tensile Displacement at Fracture (Standard)/%
	α/cm2s−1
	Quality of Fit
	Thickness/cm





	0
	3B
	198
	-
	-
	0.184
	98.4
	0.26



	4
	3B
	168.1
	-
	-
	0.074
	95.2
	0.29



	5
	4B
	232
	-
	-
	0.236
	96.2
	0.32



	6
	4B
	205
	15.07
	37.21
	0.217
	97.7
	0.32



	6-1
	-
	-
	13.18
	32.50
	-
	-
	-
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