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中  文  摘  要

	金属玻璃具有优异的性能，比如极高的强度（接近理论值）；良好的弹性性能 (弹性极限约2%)等，是一类应用前景广泛的新型先进材料。但由于剪切局域化和应变软化，金属玻璃的室温变形能力很差，如果能解决其脆性问题，它们极有可能取代很多传统材料，在需要高性能的领域得到大规模应用。与晶态合金不同，金属玻璃的原子排列处于无序状态，位错理论难以解释它们的塑性变形行为，其塑性变形主要通过纳米尺度上的剪切带的形成和扩展完成。随研究的深入，人们对金属玻璃宏观、微观力学行为的认识不断提高，但并未充分理解其背后的微观变形机理，也未找到行之有效的提高塑性的方法。所以仍存在很多亟待解决的科学问题和工程问题。因此，金属玻璃力学性能，尤其是塑性变形行为和机制成为物理和材料学界的研究重点之一。

为深入理解金属玻璃的变形机制，解决它们的脆性。本文研究了影响金属玻璃塑性变形行为的外部因素；对金属玻璃变形过程中的锯齿形流变行为进行了系统的分析，建立了它与宏观塑性之间的关联；在这些研究和课题组前期工作的基础上，本文提出了设计大塑性金属玻璃材料的模量准测，据此研制出具有超大室温塑性和高强度的Zr-Cu-Ni-Al块体金属玻璃，并提出了相关的变形机理；利用这种大塑性材料详细研究了剪切带的演化过程、相关物性的变化，揭示出剪切现象的时间效应。

本论文共分为六章。第一章主要回顾块体金属玻璃的发展历史，总结在力学性能方面的一些主要结果。针对目前在块体金属玻璃力学行为和变形机制方面的重点问题，结合研究组的研究基础和实验条件，提出本文的主要研究思路和内容。即：（1）外部因素如何影响块体金属玻璃塑性变形行为；（2）锯齿流变行为和塑性变形能力之间的关联；（3）如何“设计”塑性块体金属玻璃；（4）剪切带的演化。

第二章从三个方面研究了影响剪切带扩展和力学性能的外界因素。发现剪切带之间的交互作用普遍存在于塑性和脆性块体金属玻璃中，并不能完全用以解释块体金属玻璃塑性提高的原因。变形过程中形成的剪切带的数量与宏观塑性直接相关，剪切带的数目愈多则塑性应变愈大。将小长径比的样品通过合适的排列组合制备成大长径比的材料，能够显著提高块体金属玻璃的塑性变形能力。相对于其它提高塑性的手段，该方法更为简单，可行性更好，而且不受合金玻璃形成能力的影响。表面缺陷在很大程度上影响块体金属玻璃的力学性能。通过喷丸处理的方法将形状不规则的微观缺陷引入到样品表面后，材料的疲劳寿命大幅度下降，原因是表面缺陷为疲劳裂纹的萌生提供了有利位置，缩短了裂纹萌生的时间。

第三章系统研究了组元，成分，热学性能及力学性能均不相同的11种块体金属玻璃的锯齿流变行为，建立了锯齿流变行为与块体金属玻璃宏观塑性的关联。提出锯齿流变的幅度可以用锯齿平均能量<Es>和锯齿平均持续时间<t>表征，这两个参量与室温宏观塑性应变εp之间存在简单的指数关系：
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。锯齿越大，块体金属玻璃的宏观塑性越好。但<Es>和<t>不能无限增加，它们存在极限值，说明可以通过合适的方法得到塑性极好的块体金属玻璃材料。锯齿大小和应变率之间表现为幂律关系：
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。能量景观图（PEL）中能垒的高度是决定块体金属玻璃锯齿大小和塑性变形能力的主要因素。本章的研究结果对于研制大塑性块体金属玻璃有重要的指导意义。从微观角度上讲，由于影响锯齿流变行为的主导因素是剪切模量或者缺陷周围的化学短程序，引入纳米尺度或微米尺度上的结构不均匀性可以改变锯齿平均能量<Es>，从而实现阻止剪切带运动的作用。

第四章根据前两章的研究结果和研究组多年积累得到的块体金属玻璃弹性模量的混合法则和塑性与泊松比的关系，提出“设计”大塑性块体金属玻璃的模量准则。以模量准则为指导，利用常见的锆、铜、镍和铝等金属元素研制了具有大泊松比的新型锆基块体金属玻璃，它们中的部分成分在室温下表现出超大的宏观塑性，甚至可以像常见的纯铝、纯铜一样弯曲成各种的形状。在实现超大塑性的同时，它们还保持了块体金属玻璃高强度的特点，证明高强度和大塑性在金属材料中可以有机地结合在一起。传统概念中玻璃通常是非常脆的，本章的研究结果说明玻璃也存在韧性的一面。新型锆基块体金属玻璃的塑性变形能力对合金成分有一定敏感性。在微观上，超大塑性锆基块体金属玻璃呈现一种软区包围硬区的独特结构，这种特殊的微观结构是它们实现优异室温宏观塑性的原因。根据它们的性能特点和变形行为，可以用冷加工的方法制备性能良好的弹簧（如图1所示）。本章的研究结果表明，模量准则是研制大塑性块体金属玻璃的有效方法。这种方法不仅可以用于锆基块体金属玻璃，而且可以用于其他块体金属玻璃体系。利用模量准则对成分和结构进行合适的调整可以有效控制剪切带的形成、运动和扩展，从而在保持高强度的同时大幅度改善块体金属玻璃材料的塑性。这对于理解金属玻璃材料的塑性变形机理、解决金属玻璃材料的脆性难题都有重要意义。
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图1 用本文开发的大塑性锆基块体金属玻璃可经冷加工制成各种形状
第五章利用上一章中开发的超大塑性锆基块体金属玻璃系统研究了剪切带在弯曲变形中的演化过程，发现剪切带的滑移也是块体金属玻璃塑性变形的重要机制。通过比较塑性不同的锆基块体金属玻璃中剪切带的数量和纳米压痕实验中的锯齿流变行为，进一步证明大量剪切带的形成有助于提高块体金属玻璃材料的塑性变形能力。对变形后的材料进行差示扫描量热分析后发现，变形使得材料内的自由体积增加，表明剪切带的形成与局部扩张机制有关。利用显微硬度测试发现块体金属玻璃的塑性变形和剪切带行为与时间有密切关系，剪切带会随加载时间的延长而形成并扩展。

总之，本文对块体金属玻璃的塑性变形行为、变形机制进行了系统的研究，建立了锯齿流变行为和宏观塑性的关联；提出了研制大塑性高强度块体金属玻璃的模量准则，实现了强韧的有机结合；澄清了剪切带数量和塑性变形能力之间的关系；揭示了剪切带演变的动力学规律；发现了块体金属玻璃中塑性变形和剪切带行为的时间依赖性。本文的研究结果将有助于深入理解金属玻璃材料塑性变形的微观机制，并为研究这类材料的力学行为提供了理想的模型材料。




关键词：  金属玻璃，塑性变形，锯齿流变，剪切带
Room Temperature Deformation Mechanism and Super Large Plasticity in Bulk Metallic Glasses
Yanhui LIU
ABSTRACT
	Bulk metallic glasses (BMGs) is promising for high-performance applications because of their excellent combination of various properties, such as extremely high strength approaching the theoretical prediction, very large elastic strain compared with conventional crystalline alloys. At the same time, BMGs exhibit very limited ductility (typically plastic strain < 2%) at temperatures below their glass transition temperatures, arising from shear localization and strain softening, which severely impedes the exploitation of BMGs as structural materials at load-bearing conditions. From the fundamental point of view, even though the dislocation mediated mechanisms successfully explain the plastic flow in crystalline alloys, they are not available in BMGs because of the fact that the atomic packing in glassy alloys is disordered, which is totally different from the periodic atomic structure in crystals. Although it has been well known that the plastic deformation of BMGs is accomplished by the formation and propagation of nana-sized shear bands, the precise micro-mechanisms accounting for the plastic deformation of BMGs are still poorly understood, and the deformation theories like that for crystalline alloys remain to be established. In addition, no generally effective methods are available to enhance the ductility of BMG materials. Therefore, the mechanical behavior and deformation mechanisms of BMGs are key issues attracting both physicist and material scientist.

The present thesis was proposed in order to understand deeply the deformation mechanisms of BMGs and to try to solve their brittleness problem at room temperature. In this thesis, the influences of external factors on mechanical behavior were studied. The correlations between the ubiquitous serrated flow behavior in BMGs and their macroscopic deformability were firmly established. Based on these results and the previous work done by our research group, a modulus criterion was proposed for the design of BMGs with large plasticity, and a series of Zr-Cu-Ni-Al BMGs with super plasticity under compression were successfully developed following the modulus criterion. Furthermore, by using the super plastic Zr-Cu-Ni-Al BMGs as model materials, the evolution of shear bands and variation of physical properties with deformation were systematical investigated, and the time-effect was discovered accounting for the shear banding process.
The thesis consists of six chapters, with the first chapter summarizing the history of BMGs and some important results on their mechanical properties. The main subjects and contents that would be conducted, concerning the key and essential scientific problems about the mechanical behavior and mechanisms of BMGs, were proposed in this chapter, including: (1) How the external factors influence the mechanical behavior of BMGs; (2) The correlations of serrated flow behavior with the macroscopic plasticity; (3) How the ductile BMGs can be designed; and (4) The evolution of shear bands with increasing plastic strain.

In Chapter 2, the external factors that affect the propagation of shear bands and mechanical properties were investigated. It was found that the interactions among shear bands are common phenomena shared by both ductile and brittle BMGs, and whether they are ductile or brittle can not be explained solely from these interactions. However, the number of shear bands are directly associated with the macroscopic plasticity, with larger number of shear bands leading to larger plastic strain. To trigger more shear bands to be formed, BMG samples with small aspect ratio can be rearranged in a proper manner to suppress the catastrophic failure of the constitute blocks. In addition, the surface condition of samples was found to influence greatly the mechanical properties of BMGs. The imperfections in samples surface result in dramatic reduction of fatigue life of BMGs, because they provide the nucleation sites fatigue cracks.

Chapter 3 was focused on revealing the correlations of serrated flow behavior, which is ubiquitous in plastic deformation regime of BMGs, and the macroscopic plasticity. Eleven BMGs covering five typical glass-forming alloy systems were selected as model materials, which consist of distinctly different constitutive elements and composition, and show various thermal and mechanical properties. It was found that the serrated flow behavior can be characterized by the mean serration energy <Es> and mean duration time <t>, and they are correlated with macroscopic plastic strain εp via simple exponential equations, that is, 
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, with larger serration leading to good ductility. But there exist utmost for both <Es> and <t>, indicating that it is possible to get larger macroscopic plasticity by controlling the microstructures. In addition, the amplitude of serration shows power-law relationship with the exerted strain rate, e.g. 
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. It was proposed that the energy barrier is the key factor that determines the size of serration and the macroscopic deformability. The correlation between SFB and plasticity is instructive for designing plastic BMG materials. In the view of microstructures, <Es> can be tuned by introducing inhomogeneity on either nano or micro scale which serve as the obstacles to retard the propagation of shear bands and thus increase the energy barrier for propagation, as the factor dominating SFB in BMGs is the shear modulus or the chemical short range ordering around defect.
In Chapter 4, a modulus criterion was proposed to design BMGs with large plasticity, according to the results obtained in Chapter 2 and 3, and the role of mixture for elastic modulus of BMGs and the relationship between Poisson’s ratio and ductility reported by our research group. Following the modulus criterion, a new family of Zr-Cu-Ni-Al BMGs were successfully developed, some of which show super plasticity at room temperature without any loss of strength. Conventionally, glasses are typical classes of brittle materials. However, as shown in Figure 1, the new glass can even be bent to various shapes like the common pure Al and Cu. The results clearly indicate that it is possible to combine high strength and good ductility in metals and alloys. The deformability of the new Zr-based BMGs is sensitive to alloy compositions. For the super plastic ones, their microstructures are composed of hard regions surrounded by soft regions. It is the unique microstructures that lead to the exceptional macroscopic plasticity. Utilizing the deformability, one is able to fabricate components such as spring shown in Figure 1, by cold-processing the new Zr-based BMGs. The results in this chapter suggested that the modulus criterion is effective to develop plastic BMGs, and even in the reported BMG systems, extraordinarily plastic BMGs may be obtained by appropriate choice of the composition using this strategy. The sensitivity of deformability to composition and microstructure are important aspect for understanding the deformation mechanisms and solving the brittleness of BMG materials.
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Figure 1 Various shapes formed by means of cold processing the super plastic Zr-based bulk metallic glass developed in this thesis.
In Chapter 5, the evolution of shear bands under bending tests and the variation of physical properties with increased plastic deformation were systematically investigated with the super plastic Zr-based BMGs developed in Chapter 4 serving as model material. The slip of shear bands was found to be an important mechanisms contributing to macroscopic plastic strain. Comparing in nanoindentation tests the pop-in behavior of Zr-based BMGs with different plasticity further demonstrated that increasing the number of shear bands is a key step to enhance the plasticity of BMGs. The free volume was found to increase with increasing plastic strain modulated by differential scanning calorimeter. This indicates that the formation of shear bands is associated with the local dilation mechanism. In addition, the evolution of shear bands was found to be time dependent, and shear bands are able to initiate and propagate with prolonged loading time.

In summary, the present thesis was focused on the plastic deformation behavior and mechanisms of BMGs. In this thesis, the correlations between the serrated flow behavior and macroscopic plasticity were firmly established. A modulus criterion was proposed to design BMGs with good ductility and high strength, and was verified by the successful development of the new Zr-Cu-Ni-Al BMGs with super plasticity. The number of shear bands was clarified to connect with macroscopic plasticity. The time-dependent shear banding behavior was revealed. The author believes that the results are essential for understanding in-depth the micro-mechanisms for plastic flow in glassy materials and for the development of BMGs with extraordinary combination of mechanical properties. 
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