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Abstract

:

Because of high conductivity, acceptable cost and good screen-printing process performance, silver pastes have been extensively used for making flexible electronics. However, there are few reported articles focusing on high heat resistance solidified silver pastes and their rheological properties. In this paper, a fluorinated polyamic acids (FPAA) is synthesized by polymerization of the 4,4′-(hexafluoroisopropylidene) diphthalic anhydride and 3,4′-diaminodiphenylether as monomers in the diethylene glycol monobutyl. The nano silver pastes are prepared by mixing the obtained FPAA resin with nano silver powder. The agglomerated particles caused by nano silver powder are divided and the dispersion of nano silver pastes are improved by three-roll grinding process with low roll gaps. The obtained nano silver pastes possess excellent thermal resistance with 5% weight loss temperature higher than 500 °C. The volume resistivity of cured nano silver paste achieves 4.52 × 10−7 Ω·m, when the silver content is 83% and the curing temperature is 300 °C. Additionally, the nano silver pastes have high thixotropic performance, which contributes to fabricate the fine pattern with high resolution. Finally, the conductive pattern with high resolution is prepared by printing silver nano pastes onto PI (Kapton-H) film. The excellent comprehensive properties, including good electrical conductivity, outstanding heat resistance and high thixotropy, make it a potential application in flexible electronics manufacturing, especially in high-temperature fields.
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1. Introduction


Owning to good adaptability to additive manufacturing process, flexibility, low environmental impact and low cost, printed electronics technologies have been used to fabricate flexible electronic devices such as actuators, sensors, and solar cell and displays during the past few decades [1,2,3,4]. As an indispensable component, conductive pastes play a key role in determining the functionality and reliability of electronic devices. At present, a variety of conductive pastes based on different conductive fillers have been developed, including conductive polymer pastes, copper pastes, silver pastes, gold pastes, carbon nanotubes pastes and graphene pastes [5,6,7,8,9,10]. Compared with other conductive pastes, silver pastes with excellent conductivity and remarkable antioxidant properties balance the contradiction between high performance and low cost, and attract extensive attention in academic and applied fields [11,12,13].



Silver pastes are commonly composed of silver powder, adhesive and diluent, supplemented by a small amount of the third component acted as dispersant, leveling agent, defoamer, moisturizer, thixotropic agent, etc. [14,15,16]. Depending on different types of adhesives, silver pastes can be divided into high temperature sintered silver pastes and low temperature solidified silver pastes. Despite showing exceptional heat resistance and electrical conductivity, sintered silver pastes, usually taking glass powder as the adhesive, possess a high forming temperature (more than 500 °C) [17,18,19], which exceeds the decomposition temperature of the polymer substrate and limits its application in flexible electronics. In contract, solidified silver pastes show a relatively low and wide forming temperature ranging from room temperature to 400 °C according to the different adhesives. The low forming temperature, adjustable electrical conductivity and good flexibility make solidified silver pastes an ideal choice for fabricating flexible electronic devices by multiple printing technologies. Liang developed water-based AgNW inks and fabricated the thin-film transistors (TFT) by fully screen printing. The printed TFT had a yield of 91.7% and an average mobility of 33.8 ± 3.7 cm2V−1s−1 [20]. Zhu developed a maskless and templateless fabricating approach for high-performance flexible transparent electrodes with nano silver pastes by combining electric-field-driven microscale 3D printing and hybrid hot-embossing [21]. The fabricated flexible, transparent electrode exhibits excellent photoelectric properties, remarkable mechanical stability, and environmental adaptability.



At present, polymers used as adhesive for preparing silver pastes mainly include epoxy resin, polyacrylic resin, polyurethane, polymethacrylate, etc. [22,23,24,25]. Due to the low heat endurance of those polymers, the operating temperature of silver pastes derived from those polymer adhesives is usually lower than 200 °C, which cannot meet the demand of some flexible electronics for high temperature manufacturing process and high work temperature. Therefore, it is very urgent to develop polymer-based silver pastes with good heat resistance and suitable forming temperature. As a polymer with the best comprehensive performance, polyimide is widely used in the field of electronic packaging. It is considered as an ideal alternative material for preparing high-temperature silver pastes. Nguyen prepared an Ag nanowire–polyimide composite by the solution blending method and expounded the charge transport mechanism in thermoplastic thermostable materials [26]. Li prepared an Ag nanowires/PI composite and used it to fabricate the highly sensitive flexible pressure sensor [27]. Tung-Lin prepared the conductive silver/photosensitive polyimide (PSPI) nanocomposites by homogeneously mixing the PSPI precursor with silver nanoflakes [28]. The resultant nanocomposites possess excellent heat resistance and high conductivity.



As mentioned above, polyimide/silver pastes possess superior over-all performance, especially high thermal resistance. However, the reported polyimides used for preparing silver pastes usually have poor solubility in organic solvent; even the precursor polyamide acid (PAA) can only be dissolved in finite strongly polar aprotic solvents including N,N-dimethylacetamide, N,N-dimethylformamide, 1-methyl-2-pyrrolidinone, m-cresol. Those solvents are not suitable for the preparation of silver pastes because of the following disadvantages: hazard to human body, corrosivity to common polymer substrates and mask, lack of volatility. Moreover, the electrical conductivity of the reported polyimide/silver pastes is relatively low. In addition, there are almost no reports about the rheological properties of polyimide/silver pastes, which have a key effect on the printing accuracy of silver pastes.



In this article, a fluorinated PAAs is synthesized using 4,4′-(hexafluoroisopropylidene) diphthalic anhydride (6FDA) and 3,4′-diaminodiphenylether (3,4′-ODA) as monomer in the diethylene glycol monobutyl ether (DB) solvent. Furthermore, the prepared PAA resin is mixed with silver powder and ground to obtain silver pastes. The influences of the composition of silver pastes on its rheological and conductive properties are studied in detail. Consequently, the obtained silver pastes show an excellent heat resistance, electrical conductivity and outstanding thixotropy, which is very useful for fabricating the fine circuit and possess a great potential in high temperature resistant flexible electronic field.




2. Materials and Methods


2.1. Materials


Nano silver powder (average length of 100 nm) and flake silver powder (average length of 5 μm) were purchased from SINO-PLATINUM METALS CO., LTD and used without pre-treatment. The microscopic morphology of the two silver powders mentioned above is shown in Figure 1. 6FDA, 3,4′-ODA and 4-phenylethynyl phthalic anhydride (PEPA) were supplied by Changzhou Sunlight Pharmaceutical Co., Ltd. 3,4′-ODA was used directly. 6FDA and PEPA should be dried at 160 °C for 12 h prior to use. The defoaming agent (BYK-066N) and flatting agent (BYK-333) were obtained from BYK (China). Diethylene glycol monobutyl ether (DB) was purchased from Aldrich and used without further purification.




2.2. Synthesis of Fluorinated Polyamide Acid (FPAA) Resin


FPAA resin was prepared from 6FDA, 3,4′-ODA and PEPA in DB solvent by polycondensation reaction as shown in Scheme 1, in which the PEPA was used as a reactive capping agent. Specifically, the synthesis of FPAA resin with solid content of 40 wt% was described. In a 250 mL of three-necked flask equipped with a mechanical stirrer, 3,4′-ODA (5.2279 g, 12.7351 mmol) was dissolved in DB (46.19 mL), 6FDA (2.5000 g, 11.4616 mmol) was then added with mechanical stirring to the solution in one portion. The polycondensation was proceeded at room temperature for 3 h to produce a uniform viscosity resin, in which a stoichiometric amount of PEPA (3.0556 g, 14.0086 mmol) acting as reactive capping agent was added gradually. The mixture was stirred mechanically for 8 h at room temperature to yield a viscous FPAA resin solution, which was sealed and stored at 5 °C.




2.3. Preparation of Nano Silver Pastes


Firstly, the prepared FPAA resin and nano-silver powder were mixed by intensively mechanical stirring in the beaker. Secondly, the BYK-333 and BYK-066N were added in obtained slurry acting as flatting agent and defoaming agent respectively. Thirdly, the mixture was finely ground using a three-roller grinder to pulverize the agglomerated particles formed by the nanosilver powder and further facilitate the uniform mixing of each component, to fully obtain highly dispersed nano silver pastes noted as FPI-NSAg-X, where X is 70%, 75%, 80%, 83%, 85% representing the solid percentage content of silver powder in the cured paste. As control group, the silver paste based on flake silver powder as conductive filler was prepared in the above manner and not as FPI-FAg-83%. The detailed compositions of different silver pastes are listed in Table 1.




2.4. Measurements


Thermogravimetric analysis (TGA) was performed on TA Q50 thermal analysis system from 40 °C to 760 °C at a heating rate of 20 °C/min under nitrogen atmosphere.



The electrical conductivity of cured silver paste was measured by four-point probe tester (ST2258C, Suzhou Jingge Electronic Co., Ltd., Suzhou, China). The preparation method of the sample to be tested was as follows: the conductive patters were fabricated on the polyimide films (Kapton-H, Wilmington, DE, USA) through screen printing technology and were further treated at different high temperature ranging from 200 °C to 350 °C. The dimensions of the conductive patters were 2 cm × 2 cm.



Rheological behaviors of the formulated silver pastes were carried out on a MCR 92 rheometer (Anton Parr, Graz, Austria) equipped with stainless steel parallel plates with a diameter of 50 mm and gap of 1.0 mm. All rheological properties tests were performed at 20 °C and silver paste need to stand still for 5 min before each test. The shear viscosity tests were conducted with shear rates of 0.01–1000 s−1 at a frequency of 1 Hz. The three interval thixotropic test (3ITT) was performed to simulate the screen-printing process with specific test parameters of 0.1 s−1 shear rate for 200 s, 100 s−1 for 80 s, and 0.1 s−1 for 300 s.



Microstructure and the morphology of cured silver paste were examined using Sigma 300 field-emission scanning electron microscope (Zeiss, Oberkochen, Germany).



Resolution of printed conductive pattern and the dispersion of silver pastes were characterized by measuring dimension and morphology of pattern using a DM4 B light microscope (Leica, Wetzlar, Germany).



Adhesion of silver pastes to PI film (Kapton-H) was evaluated by measuring the change of the electrical conductivity of the cured pattern before and after the pulling off experiment.





3. Results and Discussion


3.1. Dispersion Homogeneity


As multiphase composite system, the dispersion of nano silver powder in polymer binder has a crucial effect on the conductivity, rheology and uniformity of silver pastes. Especially for nano silver pastes, the agglomeration of silver nanoparticles is a very common phenomenon, which is very detrimental to the dispersion of silver powder. In order to break the agglomerated silver nanoparticles and improve the dispersion homogeneity, the mixed nano silver paste was grinded with different gaps by a three-roller grinder. The dispersion of nano silver paste was characterized by high resolution light microscope. Figure 2 show the optical micrograph of nano silver paste (FPI-NSAg-83%) treated by three-roll grinder with different roll gaps. It can be found that the grind method can effectively break the agglomeration of nanoparticles and improve the dispersion uniformity. The number and size of nano agglomerations decrease as roll gaps reducing. When the roll gap is reduced to 5 μm, there is no obvious agglomeration in the field of view. Furthermore, the dispersion uniformity of nano silver paste remains stable within 3 months after static storage. There are no agglomerated particles were found, as shown in Figure 3. It can be explained that the surface of the nano silver powder is coated with polyamic acid resin, which reduces the surface energy of the nano silver powder, thus hindering the occurrence of re-agglomeration.




3.2. Electrical Conductivity


To evaluate the electrical conductivity of obtained nano silver paste, the conductive patters with dimension of 2 cm × 2 cm were fabricated on the polyimide films (Kapton-H) through screen printing technology and were further treated at different high temperature ranging from 200 °C to 350 °C. Then, square resistance (Rs) and thickness of conductive patters were measured using four probe tester and steps instrument respectively. The volume resistivity of silver paste was calculated according to Equation (1), where ρv is volume resistivity, W is the thickness of the corresponding conductive patterns.


   ρ v  =  R s  × W  



(1)







Figure 4 depicts the Rs of cured patterns with dimension of 2 cm × 2 cm, which prepared from FPI-NSAg-83% silver paste with different curing temperature. Because the imidization temperature of PAA resin usually exceeds 200 °C, the curing temperature of obtained silver paste is higher than the conventional conductive pastes such as epoxy conductive pastes, acrylate conductive pastes, polyurethane conductive pastes, etc. As shown in Figure 4, with the increase of curing temperature, the Rs of the conductive patterns decreases significantly, especially when the curing temperature increases to 300 °C, the Rs decreases to 22.6 mΩ/square. The thickness of pattern is 20 μm and the calculated volume resistivity reaches 4.52 × 10−7 Ω·m. When the curing temperature is further increased, the Rs decreases slowly. As we all known, the diluent and the water produced from imidization reaction will volatilize from pastes as the curing temperature increase, so the mass percentage of silver powder in silver paste increase. Additionally, high curing temperature will promote the in-plane orientation and densification of polyimide molecular chains [29,30,31]. The two reasons mentioned above will reduce the distance between the silver powder and make the silver powder closely connected, which contribute to reducing the resistivity value of the conductive pattern. When the curing temperature reached 300 °C, the imidization reaction and volatilization of diluent in silver paste were completed, the mass percentage of silver powder increased to the highest. Further increasing the curing temperature can also promote the densification of conductive pattern. However, the contribution of this process to elevating the conductivity is negligible comparing the imidization reaction and volatilization of diluent before 300 °C. This speculation can be further confirmed by the microstructure of conductive pattern at different curing temperatures as showed in Figure 5. With the increase of curing temperature, the distance between silver powder particles decreases and the stacking density of silver powder increases. Additionally, when the curing temperature reaches above 300 °C, the nano silver powder partially melts. All of those will contribute to improve the electrical conductivity of the printed pattern at curing temperature of 300 °C.



In order to elucidate the effect of nano silver powder content on the conductivity of the silver paste, silver pastes with different content of nano silver powder were prepared as shown in Table 1. The conductive patterns were printed on PI film and cured at 300 °C for 60 min. The measured Rs and calculated ρv is shown in Figure 6. As expected, the Rs and calculated ρv gradually descend as the nano silver content increases. When the content of silver nanoparticles increases to 83%, the Rs of the silver paste decreases to 22.6 mΩ/square and remain basically stable with further increase of silver content. It is well known that the conductive network of printed pattern becomes denser as the silver content increases. When the silver content reaches 83%, the density of conductive network in the printed pattern is saturated and the conductivity will not be further improved as the silver content further increase. This explanation can be further confirmed by electron microscopic photographs of conductive patterns as shown in Figure 7. The content of silver and fluorine element in different cured silver paste was measured through energy spectrum and the result was depicted in Figure 7f. As expected, the fluorine content decreases with the increase of silver content. Figure 8 compares the conductivity of silver paste based on flake powder and nano silver powder respectively. It can be found that the silver pastes show the similar Rs regardless of flake silver powder and nano silver powder, when the mass fraction of silver powder is fixed at 83%. This phenomenon can be explained that the volume of silver powder in the paste has reached saturation, and the dense conductive network has been formed. As is well known, the flake silver powder can provide a larger contact area. However, the nano silver powder has a higher specific surface area, which leads to a higher volume fraction of silver than flake silver powder-based paste at the same mass fraction. Under the combined action of the above two factors, these two silver pastes have similar conductivity.




3.3. Rheological Properties


Rheological properties of silver pastes play a key role in determining the performance of the screen-printing process. Silver pastes with accommodative rheological properties will possess excellent screen printable properties, which can contribute to print thinner lines with higher thickness and smoother edges. Moreover, appropriate rheological properties can be conducive to inhibit occurrence of defects and bubbles in the printing process, thereby improving the conductivity of the printed pattern. Two rheological test modes were used to investigate the rheological properties of silver pastes on a parallel plate rheometer.



Figure 9a shows the viscosity of nano silver paste with different silver content at continuously shear rates from 0.01 s−1 to 1000 s−1. Obviously, the viscosity of all silver pastes decreases gradually with the increase of shear rate, which is consistent with the typical rheological characteristics of pseudoplastic fluids. As the content of silver increases, the viscosity of silver pastes gradually increases, which is due to the reduction of free mobile phase. Figure 9a compares the viscosity shear rate curves of nano silver paste and flake silver paste. It is evident that the nano silver paste possesses a higher viscosity than the flake silver paste; since the nano silver has larger specific surface area, this leads to more resin adsorbed on the surface of nano silver powder. Subsequently, the number of free resin molecules remaining in silver paste is correspondingly reduced. In addition, the high surface energy of nano silver results in graduating of stronger interaction forces in silver paste. All these factors mentioned above will cause higher viscosity of FPI-NSAg paste than FPI-FAg paste. Figure 9b shows the optical micrograph of printed conductive lines with different silver paste. It can be found that printed lines originated from FPI-NSAg-70% and FPI-NSAg-75% show large width of 184 μm and 170 μm, respectively, which are far beyond the design width of 120 μm. This is because viscosities of FPI-NSAg-70% and FPI-NSAg-75% are too low, so that strong flow diffusion occurs after printing on the PI films. Accordingly, as the content of nano silver increases, the printing line width gradually decreases. However, the line printed using FPI-NSAg-85% shows zigzag edges, and the consistency of line width is reduced. This deterioration results from the poor leveling property and high viscosity of FPI-NSAg-85% caused by high silver content. Comparatively speaking, the printed lines from FPI-NSAg-80% and FPI-NSAg-83% show high resolution and smooth edges, the width of printed line is near the design width of 120 μm.



In order to clarify the flow characteristics of silver paste in different stages of the screen-printing process, a three interval thixotropic test (3ITT) was performed with specific test parameters of 0.1 s−1 shear rate for 200 s, 100 s−1 for 80 s, and 0.1 s−1 for 300 s. This test can approximately reflect the rheological changes of silver paste at typical three stages of screen-printing including loading of paste, printing of paste and leaving from silk screen. As shown in Figure 10a, it can be concluded that the viscosity of all silver pastes shows a change of first decreasing and then increasing during a complete 3ITT test process, showing obvious thixotropic characteristics. Moreover, the viscosity of nano paste is higher than the flake silver paste in the first and third stage, which is agreement with the Figure 9a. Generally speaking, the recovery ratio of viscosity in the third stage relates to the first stage, which has a great influence on the size and uniformity of the printing lines, and is usually used to characterize the elasticity of paste [10,20]. However, the prepared silver pastes were partially thrown out during the second stage because of the high shear rate. This can be verified with the decrease of viscosity of paste during the second stage as shown in Figure 10a. It causes a different amount of silver paste between the gaps in the first stage and third stage, so the recovery ratio cannot completely reflect the elasticity. According to the reported literature [10], the viscosity ratio of the third stage (η3rd) to the end of the second stage (η280s) is used to delineate the elasticity of silver paste. The result is shown in Figure 10b. The η3rd/η280s of FPI-NSAg silver paste is higher than that of FPI-FAg silver paste, which indicates nano silver powder is contributes more to enhancing the strength and elasticity of silver paste than flake silver powders. Therefore, the nano silver paste shows an enhanced resistance to strain. Additionally, the prepared nano silver pastes possess outstanding thixotropic characteristics, which can be proved by rapid increase of viscosity after the end of second stage. The good thixotropic property is conducive to improve the printing resolution and obtain printing patterns with high thickness and fine width. Figure 10c shows the micrograph of the conductive microstructure of FPI-NSAg-83% paste silk-screened on PI film. The printed minimum line width and distance are close to 120 μm, which is in accordance with the design size. Additionally, there is no break and dimensional deviation in the entire printed conductive microstructure array. The high dimensional accuracy and smooth edges indicate that the obtained FPI-NSAg-83% paste has good printing adaptability and high printing resolution.




3.4. Thermal Endurance


Figure 11 depicts TGAs curve of nano silver paste (FPI-SAg-83%) under nitrogen atmosphere. The thermal weight loss before 300 °C is due to the volatilization of diluent in the paste and the release of water molecule produced by the imidization reaction. This phenomenon further explained the above viewpoint that the appropriate curing time of nano silver paste is 300 °C to obtaining high conductivity. Figure 11 also describes the TGA curve of the cured silver paste (FPI-SAg-83%) under nitrogen atmosphere. It indicates that the obtained nano silver paste shows an outstanding thermal resistance with 5% weight loss temperature higher than 500 °C, which results from the excellent thermal stability of fluorinated polyimide.




3.5. Mechanical Properties of Printing Pattern


The conductive patterns with dimension of 2 cm × 2 cm were fabricated by screen printing silver paste (FPI-NSAg-83%) on the polyimide films (Kapton-H) through screen printing technology and were further treated at 300 °C for 60 min. In order to evaluate the adhesive strength of conductive patterns and flexible PI substrate, an adhesive tape (3M 600#) was attached to the surface of conductive patterns then peeled quickly at nearly 90°. The Rs changes after above test were measured using four probe testers, which can reflect the adhesion strength of conductive patterns on PI substrate. Figure 12 shows the Rs of conductive pattern after different times peeling off test. It can be found that there is no evident reduction of Rs with the increase of pull-out test times, which means that the conductive pattern has outstanding adhesion strength on the PI film substrate. This mainly due to the good interface compatibility and strong intermolecular force between fluorinated PAA resin and PI substrate.





4. Conclusions


In summary, we successfully synthesized fluorinated polyamic acids (FPAA) with excellent solubility in non-amide solvent. The nano silver paste was prepared by mixing the obtained FPAA resin with nano silver powder. The dispersion of nano silver paste was improved by three-roll grinding process with a gap of 5 μm. The obtained nano silver paste possesses an excellent thermal resistance with 5% weight loss temperature higher than 500 °C. The volume resistivity of cured nano silver paste achieves 4.52 × 10−7 Ω·m, when the silver content is 83% and the curing temperature is 300 °C. Additionally, the nano silver paste has a thixotropic performance. The printed lines from FPI-NSAg-80% and FPI-NSAg-83% show high resolution and smooth edges and the width of the printed line is near the design width of 120 μm.
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Figure 1. SEM photographs of nano silver powder (a) and flake silver powder (b). 
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Scheme 1. The synthetic route to FPAA resins and FPI. 
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Figure 2. The optical micrograph of nano silver pastes grinded with different roll gaps. (a) unground, (b) ground with 80 μm, (c) ground with 40 μm, (d) ground with20 μm, (e) ground with 10 μm, (f) ground with 5 μm. 
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Figure 3. The optical micrograph of nano silver pastes grinded with a roll gap of 5 μm before (a) and after (b) static storage 3 months. 
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Figure 4. The Rs of cured silver pastes with different curing temperature. 
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Figure 5. The SEM photographs of conductive pattern at different curing temperatures. (a) 200 °C, (b) 250 °C, (c) 300 °C, (d) 320 °C, (e) 350 °C. 
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Figure 6. The Rs and ρv of cured silver pastes with different silver content. 
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Figure 7. The SEM photography of cured silver pastes with different silver content. (a) 70%, (b) 75%, (c) 80%, (d) 83%, (e) 85%, (f) The content of silver element and fluorine element in different cured silver paste by EDS analyses. 
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Figure 8. The Rs of cured nano silver paste and flake silver paste. 
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Figure 9. (a) The viscosities of nano silver pastes at continuously shear rates. (b) The optical micrograph of printed conductive lines. 
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Figure 10. (a) The 3ITT curves of silver pastes. (b) The viscosity ratio of η3rd to η280s of silver pastes. (c) The micrograph of the conductive microstructure of FPI-NSAg-83% paste silk-screened on PI film. 
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Figure 11. TGAs curves of nano silver paste (FPI-SAg-83%) and cured silver paste under nitrogen atmospheres. 
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Figure 12. Rs of conductive pattern after different times peeling off test. 
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Table 1. Compositions of the prepared silver pastes.
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Mass of Each Component (g)




	
Notes

	
Nano Silver

	
Flake Silver

	
FPAA Resin a

	
BYK-333

	
BYK-066N






	
FPI-NSAg-70%

	
93.3

	
0

	
100

	
0.97

	
0.97




	
FPI-NSAg-75%

	
120

	
0

	
100

	
1.10

	
1.10




	
FPI-NSAg-80%

	
160.0

	
0

	
100

	
1.30

	
1.30




	
FPI-NSAg-83%

	
195.3

	
0

	
100

	
1.48

	
1.48




	
FPI-NSAg-85%

	
226.7

	
0

	
100

	
1.63

	
1.63




	
FPI-FAg-83%

	
0

	
195.3

	
100

	
1.48

	
1.48








a: The solid content of FPAA resin is 40%.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
1200

1000 I\

R, (m Q /square)

0 T T T T T T T T T

180 200 220 240 260 280 300 320 340 36
Curing temperature(°C)





media/file13.png
R (mQ/square)

100

400+ 7 )R,
35()-.ﬂ / pV -f80
S0~ % 120

//
60 {15
40- \ {10
20- Z [ 7 15
9 L] ] = L] e l/ l/ 0
70% 75% 80% 83% 85%

Solid content of silver powder (%)

P, (x10'Q * m)





media/file12.jpg
R, (mQ/square)

400] 2,
3504 o
Z s

804 _

604 \

404

204 ‘i—'h—i

[ - L

70% 5% 80% 83% 85%

Solid content of silver powder (%)

100

80

=
3

b3
£, (x107Q * m)

P

H





media/file18.jpg
(@

3

Viscosity(mPas)

FPIFAG-83%

0: 0t 100 10
‘Share rate(s™)

®) =

NSAGTO%  NSAGTS  NSAg80%

NSAg3 FAg83%






media/file9.png
1200

1000 I\

140 4

—_

9

=)
1

100 -
80 -
60 -

R, (m Q /square)

40 -
20 - W

1\
AN )

0 ° ] v 1 : 1 s 1 v | v ] s 1 s ] v 1
180 200 220 240 260 280 300 320 340 360
Curing temperature(°C)





media/file14.jpg





media/file20.jpg
1] |
] | B






media/file23.png
Weight change(%)

110 .
10S -
100 -
9S .
90 .
85 |
80 .
75 .
70 .
65S .
60 .

29

—=— FPI-NSAg-83% paste
—o— Cured silver paste

7

0

100 200 300 400 500 600 700 800
Temperature(°C)





media/file5.png





media/file15.png
Signal A= SE2 Date: 31 Aug 2022 EMT= 500kV Signal A = SE2 Dete: 31 Aug 2022 EHT = 500V Signal A= SE2 Date: 31 Aug 2022
Mag= S500KX Time: 14.32:39 — WD= 82mm Mag= 500KX Time: 14:26:33 WD= 82mm Mag= 500KX Time: 14.37:47

<
=
-
w
w
:
=
-
=
:
=
L
e
°
@
1)
&
—
=
W
<
T
e
-1

Ty

- g : - 2. - o v - & _~
Signal A= SE2 Date: 31 Aug 2022 EHT= 500 &V Signal A = SE2 Dete: 31 Aug 2022 9 9 9 9
Mag= 500KX Time: 14:42.31 : " 75% 80% 83% 85%

WD= 7.9 mm Mag= S500KX Time: 14:47.08 .
S SIS Contents of nano silver powder






media/file19.png
(@
10° 1

10° 1

Viscosity(mPa-s)

= FPI-NSAg-70%
e FPI-NSAg-75%
~ 4 FPI-NSAg-80%
v FPI-NSAg-83%
& FPI-NSAg-85%
< FPI-FAg-83%

10° F+rr——rrrr——rrrr——rr——r
1072 10°! 10° 10!

Share rate(s ')

102 10°

(b)

1
: m -
.

NSAg-70%  NSAg-75% NSAg-80% !

: jm ‘ .
NSAg-83% | NSAg-85% |  FAg-83%






media/file2.jpg
e roen doo

Room temperature
Oletnylane gyeol monabutyt ether solvent

oo O S T Ro OO

QQQQ?O"@WO“O}:?@%@





nav.xhtml


  polymers-15-01150


  
    		
      polymers-15-01150
    


  




  





media/file11.png
& A _ i . v
Signal A= SE2 Date: 17 May 2022 Date: 17 May 2022
Mag= 10.00K X Time: 16:22:17 WD= 7.6 mm Mag= 10.00K Time: 16:43:39

nal A= SE2

kS
EHT=10.00 kV ¢ = . i EHT = 10.00 kV Sigs
WD= 7.6 mm Mag= 10.00KX 3 Mag= 10.00KX 203 WD= 7.9 mm Mag= 10.00KX Time: 16:08:15






media/file6.jpg





media/file24.jpg
10 11

9

SRS

8

SR

SRBEREBEBESE

B S S S S SRS SRSRSS

RIS

S a
(aaenbs/ Gyur)sy

Pull off times





media/file1.png
EMT = 500kV Signel A= SE2 ZEISS ENT = 500kV Signel A= SE2 Dete: 31 Aug 2022
WOD= 7.9 mm Mag= 2000KX Time: 16:34:35 l ' WOD= 7.9 mm Mag= 1000KX Time: 16:28:28






media/file10.jpg





media/file7.png





media/file16.jpg
— - » o
S > S b

R, (m Q /square)

o

nano silver paste

flake silver paste






media/file3.png
O  F,c. CF; 0 o)
H,N ° —
A T Lp "™ ‘SO
NH,
0

Room temperature

Diethylene glycol monobutyl ether solvent

o o

F;C.__CF; Q H o) HOOC —
HOOC O O N@ H O o O
H N
N COOH
n O
o)
FPAA
200~350°C
Y
o O Fc_cFr, 9 !
DL OOy T Clp(r-OW I =1
o) o] o) nNo

FPI





media/file22.jpg
Weight change(%)

110
105 ]
100

FPI-NSAg-83% paste
*— Cured silver paste

0

100 200 300 400 500 600 700 800
Temperature(°C)





media/file17.png
.........
555555
(g} o —





media/file4.jpg





media/file25.png
10 11

9

8

CAAARNA D290
C0 00002020 %0 %0 20 2007020262620 %0 2620262620 %0 %0 %0 %0 % %0 20 0%

- AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAN

1 L 1 Y I L) 1
wn (—] wn = w e
(@] —_—

(g\| —
(3aenbs; puw)sy

Pull off times





media/file0.jpg





media/file21.png
(b) (c)

M’"M
200
2 sof @ @ @
a = M add ' _
£ £ 100
= | ——FPI-NSAg70% | 5 | g — i , -
§ ] ': ' FPl-NSAg‘750/o 5—2 140 e 1 e dedaadate
210° 1 ' —— FPI-NSAg-80% 50
] =EPLNAE 504 = FPI-NSAg-70% * FPI-NSAg-75%
107 7 MELNSAg Sy 01 4 FPLNSAg80% v FPI-NSAg-83%
: —— FPI-FAg-83% + FPI-NSAg-85% <« FPI-FAg-83%
101 || v | - L - I h | - 1 - L _50 x I = I = 1 ~ 1 - 1 v 1 " 1
250 300 350 400 450 500 550 600 .
0 100 200 300 400 500 600 e T

Time (s) Time(s)





