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中  文  摘  要

	电子设备日益小型化、多功能化的发展趋势，对电子线路中元件的封装密度提出了更高的要求。嵌入式无源元件技术能够实现对电容、电感等无源元件在印刷线路板内部的嵌入式封装，从而节省线路板表面空间、提高封装密度。聚合物基复合电介质材料因其在嵌入式电容器中的潜在应用价值而日益受到人们的关注。虽然具有一定介电常数的陶瓷颗粒/聚合物型复合材料已经获得了初步应用，但是由于这些材料的介电常数仍然偏低，并且由于较高陶瓷填料含量引起复合材料机械及工艺性能恶化，陶瓷颗粒/聚合物型复合材料仍不是理想的目标材料。通过向聚合物基体内添加导电颗粒，利用导电颗粒的渗流（逾渗）效应提高复合材料介电常数的方法虽然能够显著地提高复合材料介电常数，但是随之而来的是材料发生“绝缘体－导体”转变会导致较高的电导率和急剧增大的损耗。同时在渗流阈值附近复合材料介电常数对导电颗粒含量过于敏感，相对渗流阈值的微小含量偏差就会引起介电性能的严重降低，造成介电性能可重复性差，增大了工艺控制的难度。本论文主要着眼于通过选择材料体系、设计与控制材料微结构两种手段来降低渗流型复合材料的介电损耗。首先由研究导电填料的种类、形状对聚合物基复合材料的介电性能影响规律入手，进而提出通过在导电颗粒之间引入绝缘界面层来抑制由颗粒间的直流漏导所引起的高介电损耗，实现对渗流型复合材料介电性能的综合优化。在对高介电复合材料研究的基础上，通过添加大尺寸铁氧体颗粒，在渗流型复合电介质材料内部形成双渗流结构，进一步实现了电容、电感特性在聚合物基复合材料中的集成。

首先以半导体填料取代导体填料以降低漏电损耗，采用具有较大长径比的半导体Bi2S3纳米棒为填料，以聚偏氟乙烯（Polyvinylidenefluoride, PVDF）为聚合物基体，制备了Bi2S3/PVDF复合材料。具有一定长径比的Bi2S3纳米棒能够显著降低复合材料的渗流阈值，从而可以在低填料含量的条件下，使复合材料的介电常数得到提高。且Bi2S3纳米棒的定向排列使得复合材料介电性能呈现出明显的各向异性。但实验结果表明，棒状颗粒渗流时彼此间有限的接触面积造成渗流结构较为脆弱，易受到外电场破坏；半导体Bi2S3能够在一定程度上降低复合材料的电导率，同其它采用导电颗粒为填料的复合材料体系相比，Bi2S3/PVDF复合材料的电导率要低2～3个数量级。但是在降低介电损耗方面仍然没有取得预期的理想效果。并且由于Bi2S3半导体本征电导率随温度升高而增加，该复合材料在高温下（>100oC）漏导显著增大，介电损耗快速增加。

为了有效降低渗流型复合材料介电损耗，本论文提出了在导电颗粒间引入绝缘层来阻断漏导通道，采用具有核壳结构的Ag@C纳米颗粒与环氧树脂（Epoxy）进行复合，发展了高介电、低损耗的新型Ag@C/Epoxy复合材料。首先采用水热法，利用葡萄糖在高温高压下的催化特性还原出Ag纳米颗粒，继而通过葡萄糖在高活性Ag纳米颗粒表面的聚合实现绝缘有机多聚糖壳层（记为C）对Ag纳米颗粒的包覆，即Ag@C。该多聚糖壳层的厚度及导电性可以通过改变水热反应条件进行调制，最终获得直径80~100nm 的纳米Ag颗粒，其外包覆层厚度可在4~120 nm之间调节。将此核壳结构纳米颗粒与树脂进行液相共混，并随后加入固化剂实现环氧树脂的原位聚合，从而实现了纳米颗粒在聚合物基体内的均匀稳定分散，并进一步将此前躯体混合液以溶液浇铸法成膜，最终获得厚度80~100 m的复合材料厚膜。对采用该方法制备复合材料介电性能进行综合表征，结果显示，Ag@C/Epoxy复合材料的介电性能获得了综合优化。该复合材料的介电常数在环氧树脂基体的基础上提高了约2个数量级（例如，采用壳层厚度8 nm的Ag@C颗粒，在渗流阈值附近介电常数达到320），其介电损耗保持在Tan δ < 0.04的较低水平。且介电常数随填料含量、频率、温度、外电场强度变化显示出良好稳定性。在所测量范围（如，100 Hz ~ 30 MHz，20 oC~120 oC）内均未显示出介电松弛，复合材料击穿场强达到107 V m-1。从而成功地实现了渗流型复合材料的高介电、低损耗、高稳定性，并提出了相应的理论模拟解释。
在此基础上，继续对纳米颗粒中有机多聚糖层的厚度和电性能对Ag@C/Epoxy复合材料介电性能的影响进行研究。结果表明，复合材料的介电性能对于Ag@C颗粒中有机多聚糖壳层厚度的变化较为敏感，显示出明显的纳米尺寸效应。因而通过调节有机多聚糖层的厚度，实现了对复合材料介电常数的调制，如在壳层厚度由4 nm增加至13 nm时，复合材料的介电常数可以在430至210之间进行调节。有机多聚糖壳层电导率的增加将造成复合材料内部漏电流增加，从而引起介电损耗增大，介电常数在渗流阈值以上随成分变化的稳定性严重下降，并引起介电常数随温度升高、以及外电场强度增加均出现一定程度下降。这进一步证明，壳层良好的电绝缘特性对复合材料介电性能的提高有非常重要的意义。提出并实验证实了绝缘有机壳层在Ag@C/Epoxy复合材料中的主要作用机制：(1) 作为Ag颗粒的表面改性剂提高了Ag颗粒与高分子基体间的相容性，保证了Ag@C纳米颗粒的均匀分散；(2) 作为Ag颗粒间的绝缘界面层，阻断了Ag颗粒间的漏电通过，从而降低了复合材料内部的漏电流；(3) 其结构上的完整性保证了在渗流阈值以上Ag颗粒之间仍被完全隔绝，微电容结构得以保存，使得复合材料介电常数在渗流阈值以上仍然保持稳定；从而使得Ag@C/Epoxy复合材料的介电性能得到综合优化。

在高介电渗流型复合材料的基础上，将渗流型复合材料的高介电特性与现有软磁性复合材料相结合，提出了电容-电感（容感）两性集成的一条新思路，即制备兼备电容-电感两性的聚合物基复合材料。选用具有一定磁性的导电Ni颗粒，以及具有高起始磁导率的铁氧体颗粒作为改性填料，选用自身具有较高介电常数的PVDF作为聚合物基体，采用固相共混热压成型的简便方法制备了新型的Ni/铁氧体/PVDF三相复合材料。利用大尺寸铁氧体颗粒与小尺寸Ni颗粒的粒径差，形成聚合物与Ni颗粒在铁氧体颗粒间隙内的择优分布，在聚合物复合构型中形成聚合物与Ni颗粒同时发生渗流的所谓“双渗流结构”。大尺寸铁氧体颗粒赋予复合材料较高的起始磁导率，小尺寸Ni颗粒在铁氧体间隙内的渗流效应赋予复合材料以较高的介电常数。对复合材料所作的综合磁、电性能表征证实，双渗流结构的三相复合材料同时具有较高的起始磁导率和介电常数。在Ni颗粒含量位于渗流阈值附近时，复合材料具有不同的容感特性：（1）当控制复合材料中Ni颗粒的含量
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时，由于Ni颗粒之间尚未完全形成漏电通路，复合材料的介电损耗能够控制在较低水平，从而使复合材料具有较为均衡的容感特性。与现有高温共烧陶瓷基复合材料相比，本工作所制备的容感两性材料具有基本相当的性能。由于聚合物基复合材料具有无需高温处理、工艺简单等优势，使其在容感两性的集成应用方面相较高温共烧陶瓷基容感两性复合材料具有一定优势；（2）当控制复合材料中Ni颗粒的含量
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时，复合材料损耗急剧增加，使其不适合再作为容感集成无源元件介质材料。但从另一方面讲，较高的介电及磁损耗却是电磁屏蔽材料最为重要的目标参数，这使得
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的双渗流结构复合材料在电磁屏蔽领域具有潜在的应用价值。




关键词：  复合材料；介电常数；起始磁导率；嵌入式电容器；渗流
Preparation and Properties of Polymer-Based Composites with High- Dielectric-Constant
Yang Shen 

	ABSTRACT
Ever-increasing demand for higher density circuits in electronics has greatly accelerated the miniaturization and integration of chip electronic components with high performance and multi-function, smaller size, high efficiency and low cost. The embedded passive technology can save the real estate on the surface of the printed-circuits-boards (PCBs) by embedding the capacitors and inductors inside the PCBs. Polymer composite dielectrics are arousing increasing attention due to their potential application in some embedded capacitors. Polymer composites filled with ceramic particles have been used in some embedded capacitors. Still, there is much work to be done to improve its low dielectric constants and deteriorated mechanical and processing properties due to the high content of rigid ceramic particles in the flexible polymer matrix. By replacing ceramic particles with conductive particles in the polymer composites, the percolative polymer composites can be made with the dielectric constant dramatically increased in the vicinity of the percolation threshold of the conductive particles. This increase in the dielectric constant, however, is always accompanied by the also greatly increased electrical conductivity and dielectric loss due to the “insulator-conductor” transition happened at the percolation point. This transition also leads to extreme sensitivity of the dielectric constant to the content of the conductive fillers, i.e., small deviation from the percolation threshold could result in serious drop of the dielectric constant, making it rather difficult to control the parameters of the preparation process. This thesis focused on decreasing the dielectric loss of the percolative polymer composites by both carefully choosing different combinations of fillers and polymer matrix and controlling the microstructure of the composites. It started with the investigation of the influence of the parameters of the conductive fillers, i.e., conductivity and shape, on the dielectric properties of the polymer composites. Then the dielectric properties of the percolative composites were optimized by introducing insulating interfacial layers between the fillers. With the optimization of the dielectric properties, a novel double-percolating structure was achieved in the percolative composites by the addition of the large sized ferrite particles. Characteristics of both capacitors and inductors can thus be integrated in the composites by this means.
First, replacement of conductive fillers with semiconductive fillers was proposed to reduce the leakage current in the percolative composites. Semiconductive Bi2S3 nanorods with large aspect ratios and polyvinylidenefluoride ( PVDF) were employed to fabricate the Bi2S3/PVDF composites. The Bi2S3 nanorods could significantly reduce the percolation threshold of the composites and their orientation inside the matrix gave rise to the anisotropy in the electrical properties of the composites. For particles with large aspect ratios, their connections with each other are preferentially in a tip-by-tip pattern when percolation happens. Thus, the limited contacting area between each two nanorods made the percolation structure rather fragile and easy to be destroyed by the external electric field. Semiconductive Bi2S3 could reduce the conductivity of the composites. Compared with the composites filled with conductive particles, the conductivity of the Bi2S3/PVDF composites is much lower by 2~3 orders of magnitude. However, the semiconductive Bi2S3 fillers did not present ideal results in reducing the dielectric loss. The dielectric loss increased rapidly at temperatures over 100oC due to the increase in the intrinsic conductivity of the semiconductive Bi2S3 nanorods. 
To efficiently suppress the leak-current and decrease dielectric loss of the composites, we proposed to block the leakage path by introducing an insulating layer between fillers. Core-shell structured Ag@C nanoparticles were then employed to fabricate polymer composites with epoxy as polymer matrix. Core-shell structured Ag@C nanoparticles were synthesized by a hydrothermal method. The silver nanoparticles were firstly reduced by glucose from the AgNO3 solution, followed by the subsequent deposition of the organic dielectric shell (denoted as C) on its surface through the polymerization of the glucose. The thickness and conductivity of the organic dielectric shells can be modulated by adjusting the hydrothermal parameters, resulting in a hybrid Ag@C nanoparticle with a silver core of 80~100 nm and an organic shell of 4~120 nm. These particles were then mixed with resin and hardener successively. The following in-situ polymerization of the epoxy stabilized the nanoparticles and gave rise to a homogeneous distribution of the particles inside the polymer matrix. Final composite films of 80~100 m were obtained by casting the mixed solution on a silicon substrate and evaporating solvents. The dielectric properties of the Ag@C/Epoxy composites were comprehensively optimized. For example, a reduced dielectric loss (Tan δ<0.04) was achieved in the Ag@C/Epoxy composite filled with Ag@C nanoparticles with the organic shell of 8 nm, while the dielectric constant was enhanced to ε=320. Moreover, the dielectric constant remained stable with the variation of environmental temperature or electric frequency, and no dielectric relaxation was observed in the experimental range (e.g., 100 Hz ~ 30 MHz and 20 oC ~120 oC). The breakdown field of the Ag@C/Epoxy composites was also enhanced by the shells to over 107 V m-1. Thus, high-permittivity, low dielectric loss, and high stability have been successfully achieved in such novel percolative composites, which was also explained by the theoretical simulations.
Further study on the influence of the thickness of the organic shells on the dielectric properties of the composites clearly showed the size effect, indicating that the dielectric constants of the composites could be modified by changing the shell thickness. For example, the dielectric constants of the composites could be tuned from 430~210 by adjusting the thickness of the shells in the range of 4~13 nm. Besides its geometric size, the conductivity of the organic shell could also influence the performance of the Ag@C/Epoxy composites, in the sense that the increased conductivity could lead to more leak-current between the silver cores, hence higher dielectric loss, and make the composites more sensitive to the deviation of the filler content from the percolation threshold. These further demonstrated that a good insulating feature of the shells plays a very important role in enhancing the dielectric performance of the composites. This thesis proposed and verified the main functional mechanisms of the insulting organic shells in the Ag@C/Epoxy composites, i.e., (1) the excellent compatibility of the organic shells with the polymer matrix ensured the dispersion of the fillers in the matrix; (2) they acted as insulating inter-layers between the Ag cores to block the leak path and thus reduced the leakage and dielectric loss in the composites; (3) the completeness of the shells in the composites also endowed the composite with stable dielectric constants even when the content of the Ag@C nanoparticles is beyond the percolation threshold. All these resulted in the comprehensive optimization of the dielectric properties of the Ag@C/Epoxy composites.

Based on the dielectric percolative composites, a novel three-phase polymer composite with both high dielectric constant and high initial permeability was proposed by introducing ferrite particles with high initial permeability into the percolative polymer composite dielectrics. Both large ferrite particles and small Ni particles were employed as fillers and with PVDF as polymer matrix. The three-phase composites of Ni/ferrite/PVDF were fabricated by a simple hot-pressing method. The large difference between the particle sizes for the ferrite and the Ni fillers gave rise to a double-percolating structure in the composites. The large ferrite particles in the composite not only act as magnetic phase, endowing the composite with high initial permeability, but also present as a high-volume fraction discrete (nonpercolating) phase, confining polymer and metallic particles into a continuous double-percolating structure of low volume fractions. The percolation of Ni particles in the gaps between the ferrite particles enhanced the dielectric constant of the composites to a considerable value. The performance of the novel three-phase composites showed distinguished features with the volume fraction of Ni fillers (fNi) higher or lower the percolation threshold (fc). When fNi< fc, with the absence of a conducting path established by nearly percolating Ni particles, both high dielectric constant and high initial permeability could be achieved with the dielectric loss of the composites remaining at low level. Both dielectric and magnetic performances of our polymer-based composites were comparable with the conventional ceramic-based composites prepared by co-firing at high temperature. Plus, the facts, that these polymer composites do not need high temperature treatment and can be easily shaped, make these polymer composites more superior in the application of embedded integration. When fNi> fc, both the dielectric and the magnetic loss increased sharply not only because of the percolation of the Ni particles but also because of the high content of the ferrite particles. These composites were no longer suitable to be used in the multifunctional passive devices; instead, their high dielectric and magnetic loss are more favorable in the application of electromagnetic shield devices.   
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