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中  文  摘  要

	引言
高温高压是石油与化工行业众多反应必不可少的条件，这对压缩、输送和反应等关键装备的动密封件要求十分苛刻。动密封件尺寸虽小，却包含着设备核心技术，直接影响着生产的安全性和经济性，对于成套设备的长周期稳定运行至关重要，甚至关系到国家的装备水平。
高温高压下无油润滑密封件长寿命需求是一个国际性难题，其最主要的制约因素便是复合材料内部界面作用、外部化工介质影响及高温高压动态条件下寿命预测相关理论的缺乏。聚合物基复合材料以质轻、耐腐蚀、可设计性等优良性能正在逐渐取代金属材料，成为当今化工、机械领域比较理想的无油润滑密封材料。然而，用于聚合物增强的超细填料表面能高、易团聚，与聚合物表面能差异大导致聚合物基复合材料仍然存在力学强度偏低、易蠕变、耐磨性差等不足。此外，目前聚合物复合材料摩擦学理论还很不完善。高温高压下，国产无油润滑压缩机密封件磨损严重，使用寿命只有500~2000 h，无法满足4000~8000 h使用需求。
针对上述问题，课题组已开发出超细钛酸盐纤维，并与聚四氟乙烯（PTFE）进行了复合，但是复合材料内部界面、化工介质影响、密封件寿命预测等关键问题仍未解决，材料耐磨性需要进一步提高。本论文以无油润滑聚合物基动密封材料耐磨性和寿命预测为研究目标，围绕聚合物复合材料的表面界面、增强、寿命预测等科学问题，开展了钛酸盐纤维与纳米稀土表面改性、聚合物材料增强耐磨、酸碱介质影响及密封件寿命预测的应用基础研究。
一方面通过选择聚合物材料体系、设计与控制材料微结构的手段来大幅提高复合材料的耐磨性。采用控制填料表面能方法、纳微协同增强思路，开发出苛刻条件下长寿命无油润滑密封件新产品。另一方面，基于高温高压下聚合物材料性质特点，提出并建立无油润滑密封件寿命预测模型，预测结果与实际使用时间的偏差小于8%，使过去需要1年的整个评价过程缩短为如今在实验室的1周时间，大幅降低了开发成本和风险，加快材料到装备的研发过程。

论文立足于基础研究解决应用难题，通过化学工程与材料科学交叉融合的方法，解决超细填料应用中的分散、界面、协同增强、寿命预测等关键问题，发明了高温高压下钛酸盐纤维增强聚合物耐磨新材料，开发出苛刻条件下长寿命的无油润滑密封件新产品，为解决天然气、空气、氢气等高温高压下无油润滑压缩机设计和应用中的关键问题、满足国民经济迫切需求作出了积极贡献。
论文主要研究内容及结论如下：
（1）利用纳米氧化镧、钛酸盐纤维及碳纤维等填料系统研究了填料种类、尺寸、形状等对聚四氟乙烯摩擦磨损、力学性能及微观结构的影响。发现超细填料可明显改善PTFE的摩擦磨损性能，然而无机超细填料表面能高、易团聚的特点极大地限制了其填充量的提高及聚合物基复合材料综合性能的发挥。进而提出通过在填料表面引入界面层来抑制超细填料团聚及与聚合物表面能不匹配所引起的高磨损，实现对聚合物基复合材料摩擦学性能的综合优化。研究发现改性后纳米氧化镧可进一步改善PTFE的力学性能，大幅提高PTFE耐磨性，改善复合材料磨损面形貌，增强转移膜与对偶面的粘结力，使对偶面上形成平整致密的转移膜。改性后钛酸盐纤维具有显微增强、显微耐磨作用，15wt.% 钛酸盐纤维增强PTFE复合材料耐磨性能较纯PTFE提高了近1000倍。
（2）首次利用自组装单分子膜（SAMs）对纳米氧化镧表面进行自组装改性，并研究其对聚合物摩擦学和力学性能的影响。结果发现十八烷基三氯硅烷（OTS）可自组装到纳米氧化镧表面获得低表面能单分散性填料，解决超细填料在聚合物复合材料中的分散性、相容性问题，改性后复合材料的力学和摩擦学性能明显增强，转移膜均匀致密，聚四氟乙烯（PTFE）耐磨性可实现2-3个数量级的提高，10wt.%纳米氧化镧经OTS改性后填充PTFE/PEEK，其耐磨性较PTFE/PEEK复合材料提高了2.27倍，结晶度是纯PEEK的1.37倍，是未改性纳米氧化镧填充PEEK结晶度的2.60倍。 
（3）利用氟碳表面活性剂、偶联剂等改性剂对纳米氧化镧表面能进行调控，并研究了表面能大小对PTFE摩擦磨损与力学性能的影响，发现改性后填料与聚合物表面能越相近，复合材料的力学和耐磨性能越高。进而利用TiO2溶胶凝胶（Sol-gel）、氟表面活性剂FSO、偶联剂等对钛酸盐纤维代表物钛酸钾晶须（PTW）表面能进行调控，发现PTW在PTFE/PEEK复合材料中具有显微增强、显微耐磨作用。改性后的PTW与PTFE在PEEK基体中形成了功能互补、协同作用的微区结构。同时，发现作为填料的PTFE在PEEK复合材料中不仅是良好的润滑剂，还能够收集PTW碎断后的磨粒、磨屑起到自增强作用。在此基础上发明了钛酸盐纤维增强PEEK耐磨新材料及其制备方法，与碳纤（CF）、玻纤（GF）、石墨等传统优良填料相比，发明的新材料耐磨性最好，耐磨性能较公认的CF/PTFE/PEEK耐磨复合材料还提高10.5倍，摩擦系数降低30%。
（4）针对国内外普遍采用的CF填充PTFE复合材料高温高压下耐磨性低下的现状，研究发现材料内部存在粗大CF填充不到的贫纤维区，其性能如同纯PTFE，构成了材料的短板。提出通过添加超细填料显微增强贫纤维区进一步提高复合材料的性能。研究发现纳米TiO2或CF单独填充PTFE可降低PTFE的摩擦系数和磨损率，提高耐磨性1~2个数量级。纳米TiO2和碳纤维同时填充PTFE，合适的配比能够产生协同效应，在复合材料内部形成尺寸互补、功能互补、协同增强的纳微结构，进一步实现了增强、减摩耐磨特性在聚合物基复合材料中的集成，明显地降低摩擦系数和磨损率，大幅度提高PTFE复合材料的耐磨性能。碳纤维主要起力学支撑、网状束缚基体、阻止磨屑及纳米粒子流失的作用；而纳米TiO2的存在使PTFE中由于碳纤维粗大而填充不到的贫纤维区得到显微增强、显微耐磨，摩擦面上纳米粒子积聚，在摩擦过程中具有纳米“滚珠效应”，在对偶面上起到修复转移膜作用。研究结果丰富发展了聚合物摩擦学理论，为高耐磨聚合物复合材料的设计和应用提供新思路和理论参考。 
（5）面对石油化工行业中广泛应用的动密封部件、传动部件经常接触酸碱腐蚀性介质，开展了酸、碱、水等介质环境对CF、PTW、GF填充PTFE复合材料摩擦磨损性能影响的研究。发现10wt.%钛酸盐纤维增强PTFE可使纯PTFE在碱液中耐磨性提高5.4倍，10wt.% 钛酸盐纤维可使PTFE/PEEK复合材料在碱液中的耐磨性提高1倍，碱液具有冷却与边界润滑作用；而在水中摩擦时，水不仅阻止了转移膜的形成，还破坏了填料与聚合物的界面粘结力，导致填料与PTFE基体更易分离，犁削和磨粒磨损严重，加剧了复合材料的磨损。通过PTW填充PTFE/PEEK复合材料水中摩擦实验，进一步证明了犁削和磨粒磨损也是PEEK复合材料水中摩擦时的主要磨损机制。发现亲水性填料填充聚合物不适宜于水中摩擦，指出酸、碱、水中耐磨聚合物基复合材料需要采用憎水性填料。 

（6）用产品工程理念指导产品开发，针对无油润滑密封件经常处于高温高压、干摩擦苛刻条件下运行，工作时存在摩擦磨损－蠕变特有现象，提出总磨损＝蠕变＋磨损的思想并建立其寿命预测模型，预测结果与实际使用时间的偏差小于8%，使过去需要1年的整个评价过程缩短为如今在实验室的1周时间，大幅降低了开发成本和风险，克服了纯理论研究中不顾实际的缺点，加快了材料到装备的研发过程。研究结果为苛刻条件下无油润滑压缩机密封件长寿命工业化应用奠定基础，也为密封件的选材、寿命设计和使用提供了理论指导。

论文利用材料化学工程方法解决了超细填料低表面能设计与调控、复合材料界面问题、材料耐蚀耐磨性和密封件寿命预测4个苛刻条件下密封件长寿命工业需用的关键问题，为项目开发出钛酸盐纤维协同增强PTFE新产品，提高了密封件极限使用温度及压力（130℃→185℃、20 MPa→32 MPa），突破国际上PTFE复合材料不能在高温高压下使用的禁区奠定了基础。从而实现了采用较低成本的PTFE树脂制备出高性能聚合物复合材料，成功地解决了高温高压下无油润滑密封难题。开发产品的使用寿命达4000~8000 h，是国内同类产品的4~8倍，与国外一流产品相当，而价格仅是国外的1/10~1/5。论文工作为解决天然气、空气、氢气等高温高压下无油润滑压缩机设计和应用中的关键问题、满足国民经济迫切需求作出了积极贡献。 
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Study on the wear resistance and life prediction of polymer-based dynamic sealing materials 

Wang Huai-Yuan
ABSTRACT
	Introduction

High temperature and high pressure situations are frequently needed in petroleum and chemical engineering industries, these severe conditions bring challenges in the processes of compressing, transportation and reactions where dynamic sealing parts are prevailingly existed. Though in small dimension, the dynamic sealing parts include the key advanced technology, which directly affects the safety and economy of the production, as well as the long-term stable operation of the systematic unit. Even more, it indirectly reveals the level of the capacity that one country can manufacture high-technology advanced equipments.  
Until now, to explore the oil-free self-lubricated materials that can be operated at high temperature and high pressure for a long time is still an international challenge. The major obstacles can be classified into the weak interaction between filler and polymer matrix, the media in which these materials are operated in and the lack of theories for the life-span prediction in high-temperature and high-pressure dynamic systems. Polymer composites are replacing the traditional metals due to their low-density, corrosion-resistant and ease of designing, and becoming the best candidate of self-lubricating sealing materials in the fields of chemical engineering and mechanical engineering. Ultra-fine materials are suitable for reinforcing polymers acquire the dental disadvantage of high surface energy. However, they lead to the easy-agglomeration and the large energy difference between polymers and fillers. Therefore, the properties, such as mechanical strength, anti-creep and wear resistance of the polymer composites are much lower than expected. In addition, the tribological theory of polymer composites still needs to be improved. Severe wear behavior was observed in the oil-free dynamic sealing part of home-made compressors, the life time is only 500-2000 h, which is far lower than the industrial requirement of 4000-8000 h.
In order to solve above challenges, our group has developed a kind of new material–ultrafine titanate based fiber. However, the key challenges such as interfacial property of the polymer matrix and filler, the media all these materials operated in and a precise model for predicting the life-span are still to be solved. In this work, our main goal is to improve the wear resistance of the self-lubricating dynamic sealing polymer composites, and develop a model which can precisely predict the lift-span of these materials. Considering the composite interface, reinforcing, life-time prediction etc, our research mainly focuses on the surface modification of the ultrafine titanate based fiber and rare earth, reinforcement of the polymer material, media (acid and alkali) effect on life-span and model prediction. In one hand, we design and control the microstructure of composites to reduce the wear rate through selecting different polymers. By controlling the surface energy of the filler and introducing the method of synergistic reinforcement with micro-structured and nano-structured materials, we have developed a new product which can be long-time served as oil-free sealing part in severe conditions. In the other hand, based on the properties of polymer composites at high temperature and high pressure, we develop a model for predicting the life-span of these materials with a error less than 8% comparing the predicting results and real serving time. This model shortens the evaluation time for oil-free sealing rings from one year to one week, which largely reduces the cost and risk for exploring new materials and accelerates the process of the update of equipments. 
In this work, we tried to solve industrial challenges basing on basic research. Combining the advantages of chemical engineering and material science, the dispersion, interfacial compatibility and synergistic reinforcement of ultrafine filler, as well as the life-span prediction were successfully overcome. We have invented a new anti-wear polymer composites reinforced with titanate based fibers which can be used in high temperature and high pressure conditions. This work solves the key challenges in designing and application of high temperature and pressure oil-free compressors. Meanwhile it makes considerable contributions to the development of national economy. Main works and findings of the dissertation are listed as the follows.
 (1) The influence of filler’s species, size and shape on the tribological and mechanical properties, micro-structure of PTFE composites were investigated through 3 different fillers, such as nano-La2O3, titanate based fiber (TBF) and carbon fiber (CF). Results show that ultrafine fillers can significantly improve the tribological properties of PTFE. However, the high surface energy and easy agglomeration of the inorganic ultrafine fillers limited the filler content enhancing and the increase of integrated properties of polymer-based composites. The interface layer was adopted to suppress the agglomeration of ultrafine fillers and high wear caused by the mismatch of surface energy between filler and matrix, which could improve the tribological properties of polymer-based composites. Modified nano-lanthanum oxide can ulteriorly increase the tribological and mechanical properties, smooth the worn surface of PTFE composites and increase the adhesion of transfer films. A uniform transfer film can be observed on the counterpart surface of PTFE composites while pure PTFE can not do. Modified TBF has the effects of micro-reinforcing and micro-wear resistance. The wear resistance of 15 wt.% TBF filled PTFE composites is 1000 times than that of pure PTFE.
(2) For the first time the use of self-assembled monolayers (SAMs) on the surface modification of nano-La2O3, and the influence of the modification on the tribological and mechanical properties of polymer-based composites was investigated. Results indicated that the low surface energy and mono-dispersion were obtained by self-assembled technique, which could significantly improve the dispersion and compatibility of ultrafine filler in the polymer matrix. The tribological properties and mechanical properties of polymer-based composites filled with modified nano-La2O3   were enhanced obviously. The wear resistance of PTFE was improved by 2-3 orders of magnitude by the addition of modified nano-La2O3. With 10wt% OTS modified nano-La2O3, the wear resistance of PTFE/PEEK composites is 2.27 times higher than that of PTFE/PEEK composites, and the crystallinity degree of the PEEK composites is 1.37 times higher than that of pure PEEK, and 2.6 times higher than that of PEEK composites filled with unmodified nano-La2O3.
(3) The surface energy of nano-La2O3 was regulated by coupling agent, fluorinated surfactant etc. The effects of surface energy on the tribological and mechanical properties of PTFE composites were studied. Results show that the smaller the difference of surface energy between filler and matrix is, the higher wear resistance and mechanical properties the polymer composites will have. The surface of potassium titanate whiskers (PTW), one kind of titanate based fiber (TBF), was modified with TiO2 sol-gel, fluorinated surfactant (FSO) etc. modifiers respectively. Results indicate that PTW has the effects of micro-reinforcing and micro-wear resistance. The modified PTW and PTFE show good functional complement and synergistic effect in reinforcing micro-structure of PEEK composites. Meanwhile, PTFE in PEEK composites not only acts as good lubricant, but also traps the broken PTW particles and abrasive dust. Compared with carbon fiber(CF), glass fiber(GF) and graphite, PTW shows the best effect in improving the wear resistance of PEEK composites. Its wear resistance is 10.5 times higher than that of CF/ PTFE/PEEK. And its friction coefficient is 30% lower than that of CF/ PTFE/PEEK composites.
(4) CF/PTFE composites show poor wear resistance under the high temperature and pressure whatever they were used home and abroad. It was found that the bare fiber regions that CF can not reach in polymer composites formed the short-board of materials. The friction and wear of PTFE filled with nano-TiO2 and CF were investigated. Results show that the friction coefficient and wear rate of PTFE can be decreased obviously by nano-TiO2 and CF respectively, and the wear resistance of PTFE is improved by 1-2 orders of magnitude. Nano-TiO2 and CF can cooperate with each other in their dimension, and proper contents of nano-TiO2 and CF can show obvious tribological synergistic effects, and decrease the friction coefficient and wear rate of PTFE obviously. Results show CF in PTFE can act as load supporting effect, and reduce the destructions of PTFE’s strap-like structure, the loss of abrasive dust and nano-particles on the worn surface. The unreinforced micro-area in PTFE composites that big size CF can not reach can be reinforced by nano-TiO2. Also, the nano-TiO2 that accumulated on the worn surface during sliding can act nano-ball rolling effect on the frictional surface. It is expected that this work can rich the theory of polymer tribology and be helpful to the design and application of the anti-wear polymer-based composites. 
(5) In petroleum and chemical industries, dynamic sealing parts, transmission parts are widely used under acid and alkali corrosive media. The tribological properties of PTFE composites filled with CF, PTW, GF was respectively studied under water, acid and alkali conditions. Results indicate that owing to the good cooling and boundary lubricating effects of alkaline solution. Filled with 10wt% PTW, the wear resistance of pure PTFE in alkaline solution was increased by 5.4 times. And with 10wt% PTW, the wear resistance of PTFE/PEEK in alkaline solution increased by one time. On the contrary, water hinders the formation of transferred film and destroys the bonding effect of fillers and matrix which causes the easier separation between the fillers and matrix, and the increase of abrasive wear. The wear of PTFE composites sliding in water was significantly increased. It was found that furrows and abrasive wear are also the main mechanisms for PTW filled PEEK composites sliding in water. Hydrophilic inorganic fillers are unfit for the reinforcement of polymers when they were sliding in water. It was pointed out that wear-resistant polymer composites sliding in acid, alkali and water need to adopt hydrophobic fillers.
(6) The concept of product engineering is used to guide product development. Oil-free piston rings often run in a situation of dry-sliding, high temperature and pressure, and exists wear-creep complex process which is a peculiar phenomenon of polymer during sliding. The life-span predicting model for polymer matrix piston ring was founded based on the idea of the total wear is equal to the creep and the wear. It was found that the established model can conveniently forecast the real operating time of piston rings. And the forecasting time and real operating time achieved good consistency with an error less than 8%. This model shortens the evaluation time for these materials from one year to one week, which largely reduces the cost and risk for exploring new materials and accelerates the process of the update of equipments. The results are significant to guide of material selection, life-span design and the use of piston rings in oil-free compressor. 
After solving the key issues of low surface energy design and control of ultra-fine filler, the interface of composites, wear and corrosion resistance of polymer composites and life prediction of sealing parts, we invented a new anti-wear PTFE composites reinforced with TBF fibers through material-oriented chemical engineering method, which widened the sealing materials’ using temperature and pressure (130℃→185℃, 20 MPa→32 MPa), and broke the restricted area of PTFE composites. The complicated and knotty problem of sealing under high temperature and load was solved by using low cost resin to prepare high performance polymer composites. Practice showed that the life-span of our product reached 4000~8000 h which is 4~8 times of domestic similar product, and catched up with 
the level of similar product abroad while the price is only 1/10~1/5 of abroad. This work solves the key challenges in designing and application of high temperature and high pressure oil-free compressors and makes considerable contributions to the development of national economy. 
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