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中  文  摘  要

	稀土超磁致伸缩材料是一种重要的特种功能材料，能有效地进行电磁能和机械能相互转换，拥有大应变、大承载、高能量密度、快速响应等特性，在国防和民用高技术领域具有重要的应用前景，被列为21世纪的战略性新材料。

目前国际上先进的Terfenol-D稀土超磁致伸缩材料（典型成分为Tb0.3Dy0.7Fe2）在室温时磁晶各向异性最低，较低磁场条件下即可获得大磁致伸缩系数，已在高技术领域推广应用。但是，由于受电子自旋再取向温度和铁磁元素交换耦合作用程度的限制，Terfenol-D的超磁致伸缩特性仅能保持在-20~60℃较窄温域，并且其高温度系数使得高温环境中磁致伸缩性能急剧恶化，远不能满足空天宽温域环境的需要。针对这一迫切需求，本文成功研制出具有自主知识产权的满足-80~100℃范围内空天环境要求的新型宽温域低温度系数稀土超磁致伸缩Tb-Dy-Fe-Co四元合金；突破了宽温域Tb-Dy-Fe-Co四元合金取向晶体的制备关键技术，制备出具有高度<110>和<112>取向的高磁致伸缩性能取向材料；从实用化角度，对宽温域Tb-Dy-Fe-Co四元合金取向晶体在力－磁耦合场中的应用性能进行了系统研究，首次发现<110>取向晶体的磁-机械阻尼系数在临界磁场出现与应力无关的交点，掌握了<110>取向材料的磁-机械耦合系数随应力和偏磁场变化的规律，为该材料的实际应用提供了重要理论依据。本文的主要研究工作如下：

1、成功研制出具有自主知识产权的满足-80~100℃范围内空天环境要求的新型宽温域低温度系数稀土超磁致伸缩Tb-Dy-Fe-Co四元合金

Tb-Dy-Fe合金是由磁致伸缩系数相同而磁晶各向异性常数相反的TbFe2和DyFe2合金耦合而成。在低于电子自旋再取向温度时，易磁化方向由<111>变为<100>，磁致伸缩性能显著降低；而在温度高于居里温度时，由铁磁性变为顺磁性，磁致伸缩消失。因此，其使用温度范围同时受到电子自旋再取向温度和居里温度的共同限制。基于稀土亚点阵的磁性和过渡金属亚点阵的交换耦合作用对Tb-Dy-Fe合金电子自旋再取向温度和居里温度的制约关系，本文成功研制出在满足-80~100℃范围内空天环境要求的新型宽温域低温度系数稀土超磁致伸缩 Tb0.36Dy0.64(Fe1-xCox)2（x≤0.30）四元合金。一方面，调整Tb/Dy比例由0.3/0.7增大到0.36/0.64，使电子自旋再取向温度由室温附近降低到-90℃以下，从而将其超磁致伸缩特性拓展至低温范围；另一方面，通过Co元素部分替换Fe将居里温度由380℃提高到430℃以上，有效降低了Tb-Dy-Fe-Co四元合金的磁致伸缩温度系数；Co替换Fe能部分补偿由于改变Tb/Dy比例所诱导的磁晶各向异性增加作用，利于提高低场（应用磁场）磁致伸缩性能；合适Co替换量还有助于形成更多的Laves相，利于提高Tb-Dy-Fe-Co四元合金的磁致伸缩性能。本文研制的Tb0.36Dy0.64(Fe0.85Co0.15)2四元合金在-80~100℃范围内的平均磁致伸缩温度系数仅为-1.74 ppm/℃，远低于美国Terfenol-D材料的-2.98 ppm/℃，从而保证Tb-Dy-Fe-Co四元合金宽温域下磁致伸缩温度稳定性；而且多晶样品的室温磁致伸缩性能并未出现明显的降低。该结果不仅能够满足宽温域空天环境的实际使用需求，而且必将拓宽稀土超磁致伸缩材料的应用领域。

2、突破了宽温域Tb-Dy-Fe-Co四元合金取向晶体的制备技术，成功制备出具有高度<110>和<112>取向的高磁致伸缩性能取向材料

由于Tb-Dy-Fe合金具有强烈的磁致伸缩各向异性，需要采用定向凝固技术制备<110>和<112>取向材料，沿择优取向方向具有高磁致伸缩性能，从而实现其实际应用。在预压应力作用下，这些取向材料不仅表现出磁致伸缩增大现象（即“跳跃”效应），而且能够“扬长避短”，克服材料的本征脆性。本文突破了宽温域Tb-Dy-Fe-Co四元合金取向晶体的制备技术，成功制备出在-80~100℃宽温域具有高磁致伸缩性能的Tb0.36Dy0.64(Fe1-xCox)2（x≤0.20）高度<110>和<112>取向材料。这些取向材料在晶体生长过程中形成发达的树枝晶，在室温和高温条件下都表现出显著的磁致伸缩 “跳跃”效应。Tb0.36Dy0.64(Fe0.85Co0.15)2四元合金<110>和<112>取向材料在400 kA/m磁场15 MPa预压应力下的室温磁致伸缩分别达到1855和1847 ppm，与相同取向的美国Terfenol-D材料室温性能相当，而低温磁致伸缩性能提高4倍，高温性能提高40%。在深入研究Tb-Dy-Fe-Co四元合金的微观组织和晶体生长机理基础上，通过调整定向凝固工艺控制晶粒择优取向形成过程，成功制备出整体<110>取向一致的高性能合金棒，240 kA/m磁场中的磁致伸缩不均匀度小于6%，在-80~100℃宽温域内显示出良好的磁致伸缩均匀性。目前，宽温域Tb-Dy-Fe-Co取向材料已成功应用于某国防重大型号。

3、首次发现宽温域Tb-Dy-Fe-Co四元合金<110>取向晶体的磁-机械阻尼系数在临界磁场出现与应力无关的交点
Tb-Dy-Fe合金棒在机械加载－卸载过程中，由于发生非180°畴壁的不可逆运动从而耗散大量机械能，因此其被动阻尼减震特性受到广泛关注。本文通过测量准静态条件下的轴向压缩应力－应变回线，研究了宽温域Tb0.36Dy0.64(Fe1-xCox)2四元合金<110>取向晶体在不同应力幅值σm和不同外磁场中的磁－机械阻尼特性，并用局部内应力理论解释了阻尼系数的变化规律。在零磁场中获得了最大的磁-机械阻尼系数ΔW/W，在零磁场和低磁场中，ΔW/W随σm的增大而降低，在高磁场中随σm的增大而增加；随外磁场强度增加而减小，并在临界磁场下出现与σm大小无关的交点。结合应力和磁场对非180°磁畴运动及畴壁移动的作用机制，发现弹性模量对磁场强度的导数dE/dH在相同的临界磁场中出现最大值，很好地解释了阻尼系数出现与应力无关的交点。此外，发现10%Co替换Fe可以有效提高阻尼系数ΔW/W，本文结合磁晶各向异性常数、磁致伸缩系数和弹性模量的变化解释了阻尼系数的成分差异。这部分研究工作对该材料在力－磁复合载荷条件下使用具有重要的指导意义。

4、从实用化角度，掌握了宽温域Tb-Dy-Fe-Co四元合金<110>取向晶体的磁-机械耦合系数随应力和偏磁场的变化规律，为该材料的实际应用提供了重要的理论依据

磁-机械耦合系数k33常用来衡量磁致伸缩圆棒材料的能量转换效率，是设计磁致伸缩器件的重要参数。轴向压应力使磁矩趋向合金棒的垂直方向排列，而外加平行磁场驱动磁矩向合金棒轴向排列，这两种相互竞争的作用力使磁矩转动受到外加磁-机械载荷的影响，从而改变磁能和机械能的转换效率。因此，本文从实用化角度，通过测量宽温域<110>取向Tb0.36Dy0.64(Fe1-xCox)2四元合金棒的共振频率和反共振频率，计算出磁机械耦合系数(k33)，获得了在不同偏磁场和预压应力条件下的能量转换效率。结果表明，在无预压应力状态，k33随偏磁场的增大而增加，并在临界偏磁场中出现最大值。如Tb0.36Dy0.64(Fe0.85Co0.15)2四元合金棒在50.9kA/m达到峰值0.513。施加10 MPa的轴向预压应力状态，相应偏磁场下k33数值降低，需要更高偏磁场才能获得最大的k33。这是因为预压应力导致71°畴壁能增加，阻碍了磁矩在磁场中的运动，使得磁能与机械能之间的能量转换效率降低。此项研究结果为宽温域超磁致伸缩Tb-Dy-Fe-Co四元合金取向材料在器件中的应用提供了重要的理论依据。
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Study on the Tb0.36Dy0.64(Fe1-xCox)2 giant magnetostrictive alloys with a wide operating temperature range
Ma Tianyu

ABSTRACT
	As a kind of special funtional material, rare-earth giant magnetostrictive material can convert efficiently magnetic energy to mechanical energy, and is regarded as a good candicate for applications in both military and civil fields due to its large strain, strong loading, high energy density, and fast response speed, et al. Thus, rare-earth giant magnetostrictive material is recognized as a new strategic functional material in the 21th century.

Commercialy known as Terfenol-D in USA, rare-earth giant magnetostrictive alloy Tb0.3Dy0.7Fe2 has the lowest magnetocrystalline anisotropy at room temperature, hence can possess giant magnetostriction at relatively low magnetic fields, which has been steeped into application in various high-techniques. However, limited by the electronic spin reorientation temperature and exchange coupling among ferromagnetic elements, Terfenol-D can only exhibit giant magnetostriction over a narrow temperature range from -20 to 60℃. On the other hand, the magnetostriction performance of Terfenol-D deteriorates drastically at elevated temperatures due to its high magnetostriction temperature coefficient. Therefore, it is an urgent task to develop giant magnetostrictive materials to meet with the requirements of aeronautic or astronautic environments with a wide temperature range.

In this work, firstly, we have successfully developed new giant magnetostrictive quaternary alloys Tb-Dy-Fe-Co with a wide operating temperature range and low temperature coefficient, which can meet with the requirements of aeronautic or astronautic environments with the temperature range from -80 to 100℃. Secondly, we have broken through key fabrication technologies for quaternary Tb-Dy-Fe-Co oriented crystals, and succesfully obtained high magnetostriction performance from -80 to 100 ℃ in oriented crystals with high <110> and <112> preferred orientations. Thirdly, in order to meet with the need of practical applications, measurements of the performances under coupled magnetomechanical loadings have also been carried out on these oriented crystals: for the first time, a stress-independent crossover have been observed at a critical magnetic field in magnetomechanical damping capacity of quaternary Tb-Dy-Fe-Co <110> oriented crystals; the stress and bias field dependences of magnetomechanical coupling factor for quaternary Tb-Dy-Fe-Co <110> oriented crystals have also been obtained, which supplied important theoretical guides for applications in military devices. Main research work are summarized as follows:

1. Wide operating temperature range Tb-Dy-Fe-Co quaternary alloys with giant magnetostriction and low temperature coefficient have been succesfully developed, which can meet with the requirements of aeronautic or astronautic environments from -80 to 100℃
Pseudobinary alloy Tb-Dy-Fe is coupled by Laves-phase alloys TbFe2 and DyFe2, which possess positive magnetostriction coefficient and contrary magnetocrystalline anisotropy constant. The operating temperarute range of Terfenol-D is determined mainly by electronic spin reorientation temperature Tr (also called magnetocrystalline anisotropy compensation temperature Tm) and Curie temperature TC. Below Tr, the easy magnetization direction (EMD) turns from <111> to <100>, along which the magnetostriction coefficient is far smaller than that along <111> direction. Above TC, ferromagnetism turns into paramagnetism, magnetostriction phenomenon disappears. Based on the dependences of magnetic transition temperatures on rare-earth sublattice and exchange coupling between 3d atoms in ternary Tb-Dy-Fe alloy, we have developed wide operating temperature quaternary Tb0.36Dy0.64(Fe1-xCox)2 (x≤0.30) alloys with giant magnetostriction and low temperature coefficient from -80 to 100 ℃. On one hand, Tr decreases drastically below -90 ℃ through increasing Tb/Dy ratio from 0.3/0.7 to 0.36/0.64, thus giant magnetostriction can be maintained towards cryogenic temperatures. On the other hand, TC can be increased above 430 ℃ through substituting Co for Fe due to the enhancement of 3d sub-lattice, thus the magnetostriction temperature coefficient decreases obviously, which is beneficial to achieve stable thermal magnetostriction performance. Furthermore, substitution of Co is beneficial to compensate partly for the magnetocrystalline anisotropy enlarged by increasing Tb/Dy ratio and form more magnetostrictive Laves phase. Optimum magnetostriction thermal stability is obtained when x = 0.15, with the lowest temperature coefficient Δλ/ΔT, -1.74 ppm/℃ in 400 kA/m and the temperature range from -80 to 100℃, which is far lower than that of Tb0.3Dy0.7Fe2 (Terfenol-D) -2.98 ppm/℃. In comparsion with Terfenol-D, polycrystalline Tb0.36Dy0.64(Fe1-xCox)2 quaternary alloys show no obvious reduction in magnetostriction at room temperature. Such results demonstrate that quaternary Tb0.36Dy0.64(Fe1-xCox)2 alloys can be used in environments with a wide temperature range, and will be beneficial to develop new applications of giant magnetostrictive materials.

2. We have broken through key fabrication technologies for wide operating temperature range quaternary Tb-Dy-Fe-Co oriented crystals, and succesfully obtained high magnetostriction performance from -80 to 100℃ in oriented crystals with high <110> and <112> preferred orientations
Due to strong magnetostriction anisotropy in Tb-Dy-Fe alloys, crystals with <110> or <112> preferred orientation are usually prepared by directional solidification method. High magnetostriction performance can be achieved along the preferred orientation when subjected to a uniaxial compressive pre-stress. Under such mechanical loading, the oriented crystals can not only exhibit the well-known magnetostriction “jump” effect, but also can be avoided from rupture due to the spontaneous brittleness. In this work, we have broken through key fabrication technologies for wide operating temperature range quaternary Tb-Dy-Fe-Co oriented crystals, and succesfully obtained high magnetostriction performance from -80 to 100℃ in oriented crystals with high <110> and <112> preferred orientations. Developed dendritic morphologies are formed along the growth direction in these oriented crystals, which are suggest to follow a single-{111}-twin crystal growth mechanism. Obvious magnetostriction “jump” effect are observed in wide operating temperature range quaternary Tb-Dy-Fe-Co oriented crystals at room and elevated temperatures. Satisfactory magnetostriction with the value of 1855 and 1847 ppm are obtained under 15 MPa and 400 kA/m in <110> and <112> oriented crystals Tb0.36Dy0.64(Fe0.85Co0.15)2 at room temperature, which is comparable with commercial Terfenol-D oriented crystals. In addition, magnetostrictions at cryogenic and elevated temperatures are far higher than that of Terfenol-D oriented crystals. On the basis of systemic study on morphologies and crystal growth mechanism in Tb-Dy-Fe-Co oriented crystals, high performance Tb0.36Dy0.64(Fe1-xCox)2 <110> dendritic rods with homogeneous magnetostrictive properties have been successfully prepared by controlling grain competing process through adjusting directional solidification parameters. These <110> dendritic rods possess a magnetostriction inhomogeneity less than 6 % in 240 kA/m, and have been successfully used in a magnetostrictive device. Such results indicate the wide operating temperature range quaternary Tb-Dy-Fe-Co materials have been stepped into practical applications in aeronautic or astronautic environments.

3. For the first time, a stress-independent crossover have been observed at a critical field in magnetomechanical damping capacity of wide operating temperature range quaternary Tb-Dy-Fe-Co oriented crystals 
During loading and unloading stress cycles, the irreversible movement of non-180° domain walls (DWs) in ferromagnetic Tb-Dy-Fe always leads to a large capacity to dissipate mechanical energy, which is of interest for passive damping in magnetostrictive devices. In this work, both field and stress magnitude (σm) dependences on magnetomechanical damping capacity ΔW/W of <110> oriented crystals Tb0.36Dy0.64(Fe1-xCox)2 were investigated through measuring quasi-static strain-stress half loops in a series of external magnetic fields. The results show that ΔW/W maxima are obtained at zero field and σm ~10 MPa. ΔW/W decreases with increasing σm in zero and low fields, but only increases with increasing σm in high fields. ΔW/W decreases with increasing field, and a stress-magnitude-independent crossover can be seen from the ΔW/W-field curves at a certain field. Through analysing the competing force between magnetic field and compressive stress on non-180° domains and DWs, it is proposed that the crossover occurs at such critical field when the dE/dH (E, Young’s modulus) reaches a maximum. It is also found that substitution of Co for Fe is beneficial to achieve higher magnetomechanical damping capacity. The difference in damping capacity between Co-free and Co-doped materials is discussed based on the spontaneous magnetostriction, Young’s modulus, and magnetocrystalline anisotropy constant. Such results give important guides of the wide operating temperature range quaternary Tb-Dy-Fe-Co oriented crystals for applications in passive damping devices.

4. Stress and bias field dependences of magnetomechanical coupling factor for wide operating temperature range quaternary Tb-Dy-Fe-Co <110> oriented materials have been obtained, which supplied improtant theoretical guides for applications in magnetostrictive devices
An important consideration in magnetostricive materials is often the efficiency for converting the magnetic energy to mechanical energy, which can be expressed via the square of coupling factor k. Under coupled magnetomechanical loadings, the moments of magnetic domains tend to align parallel direction under an external magnetic field, while tend to align perpendicular direction under a uniaxial compressive stress. Such competing forces result in different energy converting efficiency in Tb-Dy-Fe oriented crystals. In this work, magnetomechanical coupling factor k33 of cylindrical-shaped wide operating temperature range Tb0.36Dy0.64(Fe1-xCox)2 <110> oriented materials has been measured by resonance/anti-resonance method under different compressive pre-stresses in low bias fields. The results show that maximum k33 can be obtained at a critical bias field without applying any compressive stress. When applying 10 MPa compressive pre-stress, the value of k33 decreases remarkablely. Higher bias field is needed to obtain maximum k33. For instance, under no compressive pre-stress, optimum k33 in <110> oriented crystals Tb0.36Dy0.64(Fe0.85Co0.15)2 equal to 0.513 can be contained at a bias field of 50.9 kA/m. While under 10 MPa, the k33 will be lowered due to the pre-stress induced the increase in 71° domain wall energy, which hinders the movement of magnetic moments or domain walls, resulting in the decrease of the transition efficiency between the magnetic and mechanical energies. Such results supply important theoretical guides of the wide operating temperature range Tb-Dy-Fe-Co materials for their applications in devices.
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