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Advanced ultra-light multifunctional metallic-glass wave springs
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We show that, using thermo-elastic processing, metallic-glass foils can be shaped, without being embrittled, into linear and annular wave springs. These springs exhibit an undulatory behaviour, unique to metallic-glass foils, in which under compression the number of arcs in the spring increases, increasing the load-bearing capacity and the spring constant. We evaluate the performance limits of the metallic-glass wave springs, and consider how the undulatory behaviour can be exploited. The metallic-glass springs can operate over the same load-ranges as commercially available crystalline wave springs, but have material volumes (and therefore weights) that are one to two orders of magnitude less. Their energy storage per unit material volume is as high as 2600 kJ m -3 . We suggest that the undulatory behaviour is important in rendering the springs fail-safe in case of overload. We discuss the range of applicability of thermo-elastic processing, the likely working limit of metallic-glass wave springs, and the potential for application of metallic-glass springs in MEMS devices.

Introduction

Metallic glasses (MGs) find applications as advanced materials because of their exceptional combination of properties [START_REF] Ashby | Metallic glasses as structural materials[END_REF][START_REF] Telford | The case for bulk metallic glass[END_REF][START_REF] Salimon | Bulk metallic glasses: what are they good for?[END_REF][START_REF] Johnson | Bulk amorphous metal-An emerging engineering material[END_REF][START_REF] Schroers | Processing of bulk metallic glass[END_REF]. Due to their amorphous structure, MGs show high elastic limit [START_REF] Inoue | Cobalt-based bulk glassy alloy with ultrahigh strength and soft magnetic properties[END_REF][START_REF] Yavari | Homogenization of plastic deformation in metallic glass foils less than one micrometer thick[END_REF] and strength [START_REF] Inoue | Cobalt-based bulk glassy alloy with ultrahigh strength and soft magnetic properties[END_REF], and good soft-magnetic [START_REF] Roth | Fe-based bulk amorphous soft magnetic materials[END_REF][START_REF] Tiberto | Magnetic properties of bulk metallic glasses[END_REF] and anticorrosion [START_REF] Scully | Corrosion and related mechanical properties of bulk metallic glasses[END_REF] properties. Various methods have been used for thermoplastic forming of MGs while maintaining their amorphous structure and exceptional properties [START_REF] Schroers | Processing of bulk metallic glass[END_REF][START_REF] Li | Thermoplastic micro-forming of bulk metallic glasses: A review[END_REF][START_REF] Botta | Electromechanical processing of bulk metallic glasses[END_REF][START_REF] Kaltenboeck | Shaping metallic glasses by electromagnetic pulsing[END_REF][START_REF] Yiu | Rapid thermoplastic formation of Fe-based metallic glass foil achieved by electropulsing[END_REF]. Because the MGs are metastable and liable to crystallize, these forming processes require rapid heating and short times. Even without any crystallization, however, heating of MGs allows them to undergo structural relaxation to denser glassy states, and this, especially for Fe-based MGs, can lead to severe embrittlement [START_REF] Aljerf | Shaping of metallic glasses by stressannealing without thermal embrittlement[END_REF]. However, Aljerf et al. [START_REF] Aljerf | Shaping of metallic glasses by stressannealing without thermal embrittlement[END_REF] showed that shaping without embrittlement can be achieved by thermo-elastic processing (TEP), in which a sample, elastically deformed to a particular shape, is carefully annealed to relax the stresses in the sample, permitting it to fully or partially adopt the imposed shape. In this way, thin MG foils can be uniformly shaped into complex forms, as has been demonstrated for a variety of alloys, including binary (Co80B20, Fe83B17, and Pd82Si18), ternary (Cu60Zr30Al10 and Fe81.5B14.5Si4) and quaternary (Fe40Ni40Si6B14 and Zr70Ni16Cu6Al8) compositions (here, in at.%) [START_REF] Aljerf | Shaping of metallic glasses by stressannealing without thermal embrittlement[END_REF][START_REF] Russew | Glassy Metals[END_REF].

MGs are particularly attractive for the development of superior springs, as demonstrated, for example, for coil springs [START_REF] Son | Process development of metallic glass wires by a groove quenching technique for production of coil springs[END_REF][START_REF] Inoue | New bulk metallic glasses for applications as magneticsensing, chemical, and structural materials[END_REF]. Recently, we reported a unique undulatory behaviour of MG foils rendered possible by their high elastic limit [START_REF] Panagiotopoulos | Mechanically induced waves in metallic glass foils[END_REF][START_REF] Yousfi | Novel micro-flat springs using the superior elastic properties of metallic glass foils[END_REF]. An Febased MG ribbon, elastically bent into an arc-shape is subjected to a normal load at the crest of the arc. The ribbon develops a wave-like pattern, and as the load is increased, additional waves appear, shortening the wavelength. As long as the deformation remains in the elastic region (i.e. the number of multiplied arcs remains below a critical limit), the undulatory behaviour is reversible, functioning as a flat spring with multiple spring constants [START_REF] Panagiotopoulos | Mechanically induced waves in metallic glass foils[END_REF]. This reversible undulatory behaviour of MG foils showed resistance to fatigue of the order of thousands of cycles, while crystalline ribbons show no reversibility at all as they undergo plastic deformation during the first loading [START_REF] Panagiotopoulos | Mechanically induced waves in metallic glass foils[END_REF][START_REF] Yousfi | Novel micro-flat springs using the superior elastic properties of metallic glass foils[END_REF]. Moreover, a novel electromechanical switch has been proposed [START_REF] Panagiotopoulos | Mechanically induced waves in metallic glass foils[END_REF].

Thin MG foils with the dimensions of interest in the present study are produced industrially. They have a thickness of some tens of micrometres, and are made by planar-flow casting; glass formation is achieved because of the ultra-high cooling rates in this process [START_REF] Jiang | Comparison of mechanical behavior between bulk and ribbon Cu-based metallic glasses[END_REF][START_REF] Löffler | Rapid Solidification and Bulk Metallic Glasses -Processing and Properties[END_REF].

The range of conventional springs includes wave springs, in which a linear (strip) or annular (washer) piece of flat material is formed into a wavy shape. Such linear and washer wave springs are particularly useful when space is limited, and they also use less material than coil springs [START_REF] Smalley | Linear Springs datasheet[END_REF].

In this communication, we report on the design, manufacture and performance of novel multifunctional MG wave springs. Using the principles suggested in [START_REF] Aljerf | Shaping of metallic glasses by stressannealing without thermal embrittlement[END_REF], Cr-bearing Febased MG foils are shaped by TEP without thermal embrittlement to form linear and annular wave springs. The pre-shaped MG foils can function as free-standing flat springs over a wide range of load. Furthermore, the geometrical characteristics of these linear and annular preshaped wavy patterns are designed to further exploit the undulatory behaviour of MG foils.

We show that the pre-shaped wavy MG foils do transform their geometry after a load threshold, avoiding plastic deformation while increasing their load capacity. In this way, much more of the elastic-energy storage capacity of the MG can be exploited. After load release, the wave patterns return to their initial pre-shaped form. This synergetic mechanism of pre-formed and newly developed waves is proposed for the production of advanced and durable MG flat springs with tunable spring stiffness.

Experimental details

Commercial Fe-based MG foils [Metglas 2605S3A, Fe: 85-95%, B: 1-5%, Cr: 1-5 %, Si: 1-5% (wt.%)] of 20 µm thickness and 25 mm width, produced by planar-flow casting, were obtained from Metglas Inc. (Conway, SC). Two free-standing types of wave springs (linear and annular) were fabricated by TEP. The linear waveform was obtained by weaving a length of MG foil past alternating sides of nine parallel metallic rods. The axis-to-axis spacing of the rods was 2.8 mm, allowing the fabrication of a waveform 28 mm long and covering five wavelengths of 5.6 mm. Rings of 20 mm outer and 10 mm inner diameter for the annular waveform were cut from a flat MG foil by electroerosion (0.5 A applied via a 180 μm diameter wire). A cylindrical two-piece stainless-steel die was designed and fabricated in which the annular foils were placed to impose the waveform.

In each case (for linear and annular waveforms), the shaping assemblies (MG foil and die) were annealed in a preheated furnace under inert argon atmosphere, then rapidly quenched in water. The shaped foils were rinsed with alcohol and finally dried under air flow.

Annealing temperatures up to 360°C were used, well below the crystallization temperature (Tx = 516°C, determined by differential scanning calorimetry using a NETZSCH DSC 404 instrument with a heating rate of 10 K min -1 ) of the MG; the temperature was recorded at the exact position of the sample using a thermocouple. For the shaping of the linear waveforms, the low thermal mass of the forming assembly allowed relatively high heating rates of 80-100 K min -1 to be achieved. In contrast, the thermal mass of the annular-waveform die limited the heating rate in that case to 5-15 K min -1 .

The radius of curvature was measured after each annealing process using image analysis tools (ImageJ software) [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF]. The extent of the shaping can be characterized by the shaping factor, R0/R, where R0 is the radius of curvature of the shaping die surface and R is the radius of curvature of the formed foil. Without heating, the shaping factor is zero, since on release from the die, the MG foil elastically recovers to its initial state. The shaping factor can reach 100% for thermal treatments that completely relax the stresses in the formed MG so that the foil retains the shape of the die after its removal (R = R0) [START_REF] Aljerf | Shaping of metallic glasses by stressannealing without thermal embrittlement[END_REF].

Although Fe-based MGs containing chromium favour a high shaping factor [START_REF] Aljerf | Shaping of metallic glasses by stressannealing without thermal embrittlement[END_REF], Metglas 2605S3A was selected because the presence of chromium enhances corrosion resistance [START_REF] Suryanarayana | Iron-based bulk metallic glasses[END_REF][START_REF] Long | Cr effects on magnetic and corrosion properties of Fe-Co-Si-B-Nb-Cr bulk glassy alloys with high glass-forming ability[END_REF], a property that is critical for a wide range of applications, especially in aggressive environments encountered in aerospace and marine engineering.

After TEP, bend tests were performed at room temperature on the shaped (annealed) MG foils. If the foil could be bent flat through 180° without breaking, it was deemed to be still plastic and not embrittled. The mechanical response of the shaped MG foils on normal loading was evaluated by load-displacement measurements carried out using an MTS System compression test machine. A small pre-load was applied to ensure contact between the foil and the crossheads.

The structures of the as-cast and shaped foils were examined using X-ray diffraction (XRD) with monochromatic Cu-Kα radiation using a step size of 0.04° in a Rigaku DMAX diffractometer equipped with a graphite monochromator. Scanning electron microscopy (SEM) images were obtained in a LEO S440 scanning electron microscope (Leica/Cambridge).

Results

Linear wave springs fabricated from metallic-glass foil

The shaping assembly was introduced into a pre-heated furnace at the chosen annealing temperature Ta. Once Ta was reached, the shaping assembly was treated isothermally for 2 min, then quenched in water. The shaping factor increases linearly with Ta (Fig. 1a), and the shaped foils retain their plasticity for values of Ta below ~335°C (denoted here as Tembrit).

Annealing at higher temperatures leads to higher shaping factors but induces thermal embrittlement of the MG foils, and therefore cannot be considered for practical applications as spring materials. An MG foil after shaping at Ta = 330°C (shown in Fig. 1b) is not embrittled by this TEP. Figure 2 shows how the MG linear wave spring behaves under normal loading. A shaped foil of ~110 mg mass sustains loads up to 140 N (Fig. 2b), remaining entirely in the elastic regime, and indicating promise as a durable and ultra-light flat spring. More interesting is that with further loading, the elastic deformation induces buckling of the waveform, leading to a doubling of the number of the arcs (in this limited length, from five to nine) while sustaining loads up to 270 N (Fig. 2c). After unloading, the waveform with a doubled number of arcs (Fig. 2c) returns to the initial stress-free waveform (Fig. 2a). This reversibility can be achieved only because of the exceptionally high elastic strain limit (εel ≈ 2%) of MGs, and is assisted by the high ratio of wavelength to foil thickness. that is more than one order of magnitude higher than in the initial configuration.

In the transition zone, there is clear hysteresis: for a given displacement, the load on loading is always higher than on unloading. This is similar to the undulatory behaviour of a non-pre-shaped MG foil [START_REF] Panagiotopoulos | Mechanically induced waves in metallic glass foils[END_REF][START_REF] Yousfi | Novel micro-flat springs using the superior elastic properties of metallic glass foils[END_REF]. In effect, significant overloading is required to nucleate the new arcs by buckling. The stored energy is that returned on unloading, and is significantly less than the energy expended on loading. For the maximum load shown in Fig. 3, the total elastic energy stored in the MG linear wave spring with the additional ability of its waveform multiplication reaches 39 mJ (i.e. 2600 kJ m -3 per unit volume of material). Linear wave springs made of conventional spring materials are commercially available, with working loads from tens to thousands of newtons [START_REF] Smalley | Linear Springs datasheet[END_REF]. This wide range is achieved by changing the spring's characteristics, i.e. number of the arcs, thickness, and length. It is of interest to consider the maximum working load in relation to the volume of the spring material in order to compare the performance of the commercially available wave springs with that of the shaped MG foils in the present study (Fig. 5). Within the range of operation of the pre-shaped MG foil (i.e. with a fixed number of arcs), the material volume to sustain a given load can be more than one order of magnitude less (blue area, Fig. 5) for the MG foil compared to the conventional linear wave springs. When, under compression, the MG foil multiplies the number of arcs (Fig. 2c), the spring stiffness increases, and the material volume to sustain a given load can be nearly two orders of magnitude less (red area, Fig. 5) for the MG foil. 

Annular wave springs fabricated from metallic-glass foil

The rings cut from the MG foil (Fig. 6a) were subjected to TEP in a stainless-steel die (Fig. 6b,c) to obtain the desired waveform. The TEP was performed by placing the die assembly in a furnace at 450°C. The heating rate experienced by the MG foil is affected by the thermal mass of the die, and the heating profile is shown in Fig. 7a; this is measured by placing a thermocouple in the position of the MG foil in the shaping assembly. Because of the thermal mass of the annular die, the heating is much slower than in the TEP of the linear waveform. Samples were processed for different times in the furnace to achieve the desired final annealing temperature Ta, then the shaping assembly was removed and quenched. As for the linear wave spring (Fig. 1a), the shaping factor increases roughly linearly with Ta (Fig. 7b).

Values of Ta higher than 295°C lead to thermal embrittlement of the MG foils. Compared to the TEP of the linear wavy patterns discussed previously (Fig. 1a), the threshold temperature Tembrit is ~40°C lower. This is a consequence of the lower heating rate, meaning longer annealing times. Thus, with annealing temperatures below 295°C, the foils can retain the imposed shape with a shaping factor better than 70%, while maintaining their plasticity. As for the linear wave springs, higher Ta would give higher shaping factor, but the embrittlement rules out any practical application. factors that can be achieved below the embrittlement threshold and above it. Given the slower heating and longer times for TEP in the annular die, it was appropriate to check if the shaped foils remain fully amorphous. X-ray diffractograms (Fig. 9) show that this is the case, with no detectable structural change from the as-cast amorphous alloy. To exploit the undulatory behaviour of MG foils, an annular waveform was designed to allow doubling of the number of arcs in a similar way to that observed in Section 3.1. The MG foil shaped into an annular waveform was placed on a flat surface with the bottom crests fixed with glue to avoid drifting during loading. When a normal load is applied on the top of the wave spring, new arcs are generated at each original crest, enormously increasing the load capacity of the spring. Figure 10 shows stages during the formation of an additional arc at the crest of one of the five arcs that compose the original annular waveform. reached after the formation of the additional arcs. On loading, the detectable generation of new arcs appears to be completed for loads less than 100 N and displacements less than 1.2 mm (though the transition zone, judged from the evident hysteresis, continues to much higher values). The effective spring stiffnesses for loads between 65 N, at the last instant detectable load drop originated by the nucleation of new arcs, and 450 N range from 1500 to 6500 N mm -1 . The hysteresis associated with the transition zone extends over a range of load that is much wider than for the linear wave spring (Fig. 3). Much more energy is expended on loading than is returned on unloading. For the maximum load, the total energy stored in (i.e. released on unloading) the MG annular wave spring is ~11.2 mJ (i.e. ~2378 kJ m -3 per unit volume of material). This is less than in the MG linear wave springs, but much higher loads can be sustained. Figure 12 shows the maximum working load of, and the volume of material in, commercial wave spring washers [START_REF] Spring | SPEC® Spring Washers[END_REF], and compares with the characteristics of an annular pre-shaped MG foil in the present work. With its original waveform, the MG spring can sustain up to 7 N, a load capacity that is comparable with commercial washers. On further compression, through and above the region of arc multiplication, the load capacity of the MG spring increases, and its material volume, capable of supporting the same load, can be more than two orders of magnitude less than the counterpart commercial washers. Both linear and annular MG wave springs can be produced with various dimensions. The foil's thickness and width, and the amplitude and the number of the formed arcs may be varied to achieve particular load capacities, displacements and stored energies. Figure 13a shows shaped MG annular wave springs with a variety of inner and outer diameters. In addition, assemblies can be designed, such as a simple stacking of the individual waveforms (Fig. 13b,c). A "crest to crest" stacking is used in some conventional crystalline wave spring washers, and such an assembly could also be used to exploit the exceptional mechanical properties of MGs (Fig. 13d-g). 

Discussion

Applicability of thermo-elastic processing of metallic glasses

The basis of TEP of MGs is that, when annealed under elastic deformation, the sample flows so that the imposed stress is relieved and the desired shape is adopted. But the atomic mobility that permits stress relief also permits structural relaxation that can lead to embrittlement. Thus, TEP involves a trade-off between the extent of shaping that can be achieved and the extent of embrittlement of the MG. This trade-off has been analysed by Aljerf et al. [START_REF] Aljerf | Shaping of metallic glasses by stressannealing without thermal embrittlement[END_REF], who show that starting with a less relaxed glass (e.g. a glass obtained on faster quenching) favours shaping without significant embrittlement. This is also favoured in MG compositions that show intrinsically higher resistance to embrittlement [START_REF] Lewandowski | Intrinsic plasticity or brittleness of metallic glasses[END_REF].

In any case, there is a need to find an optimal time-temperature processing window for the TEP. This window depends upon heating and cooling rates, and thus should be defined for each of the different heating methods and different die geometries used. In the TEP in the present work, the attainable heating rates are one order of magnitude higher for the linear waveforms than for the annular waveforms. The MG in the present work, developed for its soft-magnetic properties, is in a family noted for its tendency to severe embrittlement on annealing [START_REF] Aljerf | Shaping of metallic glasses by stressannealing without thermal embrittlement[END_REF]. Nevertheless, useful shaping without significant embrittlement has been achieved for both linear and annular waveforms. This indicates that the processing window is wide and not an obstacle to the development of shaped MG foils, for example, for springs.

Performance and working limit of metallic-glass wave springs

For simple uniaxial loading, the ideal maximum elastic energy that can be stored in a material, per unit volume of the material, can be expressed as Eεel 2 /2, where E is Young's modulus. Mapping this ideal storage capacity vs E shows a wide range of behaviour for materials (Fig. 14) [START_REF]CES EduPack software[END_REF]. From this range, we focus on the MG in the present study and on conventional spring materials: spring steels and copper-beryllium alloys. For comparison also other TM-based (TM= Zr, Ti, Pd, Co) MGs of high ideal stored elastic energy are displayed [START_REF] Wang | The elastic properties, elastic models and elastic perspectives of metallic glasses[END_REF]. In this limited comparison, the Fe-based MG has the highest value, 40,000 kJ m -3 , of maximum ideal stored energy per unit volume.

It is also of interest to consider how much energy would be stored for a given elastic strain in the material; that is simply proportional to E and is highest for conventional spring steels.

It was already known that a flat MG foil elastically shaped into an arc would, under compression, show an undulatory behaviour in which additional arcs are generated [START_REF] Panagiotopoulos | Mechanically induced waves in metallic glass foils[END_REF]. The present work has demonstrated that this undulatory behaviour applies also for linear and annular wave springs made by pre-shaping MG foils. As shown in the load-displacement curves for both types of spring (Figs. 3 and 11) there is a wide transition zone in which additional arcs appear (on loading) and disappear (on unloading). On either side of the transition zone, the number of arcs in the springs is constant, and there are simpler regimes in which the loading and unloading curves superpose. We consider the energy stored in each of these regimes. For the low-load regime (i.e. with the original number of arcs), the stored energy per unit volume of material is as high as 1773 kJ m -3 for the linear spring and 254 kJ m -3 for the annular spring, i.e. 4.4% and ~0.6% of the ideal maximum value. And for the ultimate load (after the multiplication of the number of arcs), the stored energy is as high as 2600 kJ m -3 for the linear spring and 2380 kJ m -3 for the annular spring, i.e. 6.5% and 6% of the ideal maximum value. Noting that a foil bent uniformly to the elastic limit on its surfaces can store only one-third of the elastic energy ideally possible with uniaxial loading, these are high fractions of the ideal value, showing the merit of in the thin-foil geometry used in this work. It is remarkable that the MG wave springs can reversibly support such very high loads: the linear spring can support a load that is ~2.5×10 5 times its own weight, and the annular spring can support ~1.3×10 6 times its own weight. The working regime of these MG wave springs is, however, unlikely to be at high loads beyond the transition zone. The hysteresis in this zone would lead to large energy dissipation on each loading/unloading cycle, and the stochastic appearance and disappearance of arcs would make the spring behaviour variable.

Although in the present work there is no evidence for damage to the MG foils on cycling through the transition zone (Fig. 4), it cannot be excluded that damage may occur over many cycles; the forces on the foils are extreme and effects of fatigue and abrasion are likely. The appropriate limit for normal operation of an MG wave spring would be the maximum load sustainable by the initial waveform. Further investigation is needed to explore the functionality and fatigue life of the MG springs operating through and above the multiplication region.

Nevertheless, it is advantageous to have: (i) the capacity for undulatory behaviour and transition into a regime of much higher spring constant, and (ii) the lack of damage over several cycles through that transition. Figures 3 and11 show that after one cycle through the transition zone, the elastic performance of the wave springs is retained fully, with the original spring constants recovered. The significance of the undulatory behaviour is, then, that it provides an important fail-safe mechanism in case of overload. Such a resistance to occasional (but potentially very large) overloads would not be found in commercially available crystalline wave springs.

A non-linear spring (i.e. with multiple spring constants) is of interest for shock absorption and vibration isolation [START_REF] Wu | A wide-range variable stiffness mechanism for semi-active vibration systems[END_REF][START_REF] Lan | Design and experiment of a compact quasi-zerostiffness isolator capable of a wide range of loads[END_REF][START_REF] Fulcher | Analytical and experimental investigation of buckled beams as negative stiffness elements for passive vibration and shock isolation systems[END_REF][START_REF] Leblouba | Elliptical leaf spring shock and vibration mounts with enhanced damping and energy dissipation capabilities using lead spring[END_REF][START_REF] Ibrahim | Recent advances in nonlinear passive vibration isolators[END_REF]. The overall trend to much greater stiffness at higher loads (Figs. 3 and11) is seen also in the "J-shaped" stress-strain curves found for several biomaterials (e.g. ligament) where the non-linearity is considered important for failsafe mechanical stability [START_REF] Vogel | Comparative Biomechanics[END_REF].

Application of metallic-glass wave springs in MEMS

In micro-electro-mechanical systems (MEMS), thin metallic parts of various shapes and patterns, including wave, coil and flat springs, are of interest for applications in sensors and actuators [START_REF] Zhanwen | A novel MEMS omnidirectional inertial switch with flexible electrodes[END_REF][START_REF] Grech | Highly linear and large spring deflection characteristics of a Quasi-Concertina MEMS device[END_REF][START_REF] Wang | The design, simulation and fabrication of a novel horizontal sensitive inertial micro-switch with low g value based on MEMS micromachining technology[END_REF][START_REF] Lu | Mechanics for stretchable sensors[END_REF][START_REF] Wang | Local versus global buckling of thin films on elastomeric substrates[END_REF][START_REF] Li | Mechanics of curvilinear electronics and optoelectronics[END_REF][START_REF] Zhang | Mechanics of stretchable batteries and supercapacitors[END_REF][START_REF] Ma | Micro-strain sensing using wrinkled stiff thin films on soft substrates as tunable optical grating[END_REF][START_REF] Choi | Biaxially stretchable "wavy" silicon nanomembranes[END_REF]. There are opportunities in expanding the range of materials that are used [START_REF] Spearing | Materials issues in microelectromechanical systems (MEMS)[END_REF], and there is particular interest in MGs [START_REF] Chauhan | An assessment of bulk metallic glasses for microelectromechanical system devices[END_REF][START_REF] Nishiyama | Bulk metallic glasses for industrial products[END_REF][START_REF] Greer | Metallic glasses... on the threshold[END_REF][START_REF] Kumar | Bulk metallic glass: The smaller the better[END_REF][START_REF] Singer | Multiscale patterning of a metallic glass using sacrificial imprint lithography[END_REF][START_REF] Schroers | Thermoplastic forming of bulk metallic glass -A technology for MEMS and microstructure fabrication[END_REF][START_REF] Fukushige | A MEMS conical spring actuator array[END_REF][START_REF] Martinez-Duarte | SU-8 Photolithography as a toolbox for carbon MEMS[END_REF]. MGs can be formed by a variety of thinfilm deposition methods, and can readily be fabricated in the shapes most commonly found in MEMS devices. TEP has already been used to form a spring from a deposited thin-film MG [START_REF] Fukushige | A MEMS conical spring actuator array[END_REF]. MGs exhibit limited plastic strain before fracture (especially in tension) because their deformation is localized in thin shear bands. But for sub-micrometre dimensions, shear-band nucleation is suppressed, essentially eliminating any problems with lack of MG plasticity [START_REF] Yavari | Homogenization of plastic deformation in metallic glass foils less than one micrometer thick[END_REF][START_REF] Jang | Transition from a strong-yet-brittle to a stronger-and-ductile state by size reduction of metallic glasses[END_REF][START_REF] Greer | Plasticity in small-sized metallic systems: Intrinsic versus extrinsic size effect[END_REF][START_REF] Tian | Ductile necking behavior of nanoscale metallic glasses under uniaxial tension at room temperature[END_REF][START_REF] Ghidelli | Homogeneous flow and size dependent mechanical behavior in highly ductile Zr65Ni35 metallic glass films[END_REF].

The present work has shown (Figs. 5 and 12) that in the first stage of loading in which the springs retain the original number of arcs, the MG linear wave spring has a material volume that is up to one order of magnitude smaller than its crystalline counterparts operating at the same load. For the maximum possible loading, after the multiplication of the number of arcs, both linear and annular MG springs have material volumes that are up to two orders of magnitude smaller than their crystalline counterparts. Accordingly, the MG wave springs also have remarkably high values of stored energy per unit volume of material and of supported load and stored energy per unit weight.

Wave springs are conventionally noted for high values of supported load and stored energy per unit volume of the spring. The use of MGs seems capable of significantly increasing these values. The undulatory behaviour that is characteristic of MG foils is associated with the limited foil thickness, and the present results suggest that this behaviour can be beneficial. The thinner foils possible by deposition methods in MEMS device fabrication may offer yet further property enhancements for springs.

Conclusions

Thermo-elastic processing over a wide range of conditions can be used to shape metallic-glass foils without thermal embrittlement. Assisted by rapid heating and short annealing times, the shaping is achieved by relief of the elastically imposed stresses while minimizing the degree of structural relaxation of the MG. By TEP, MG foils were shaped into linear and annular wave springs. Stacked assemblies of annular springs have also been made. Under compression, the springs show a distinctive undulatory behaviour in which the number of arcs in the waveform increases. This increases the maximum load capacity and the spring constant. Both the linear and annular wave springs formed by shaping MG foils can sustain a wide range of loads similar to those for commercially available linear wave springs and wave spring washers. But the MG springs have a material volume that is one to two orders of magnitude smaller than for the springs (of the same load-bearing capacity) made from conventional crystalline materials. An MG linear wave spring of mass 110 mg can support a load conventionally (with a fixed number of arcs in the spring) of 140 N, and after the arcs have multiplied as a result of the undulatory behaviour, can support an ultimate load of 270 N. An MG annular wave spring of mass 35 mg can support a load conventionally of 7

Fig. 1 .

 1 Fig. 1. Fe-based MG foil shaped into a linear wave spring. (a) Shaping factor as a function of the temperature for 2-min anneals, and the thermal embrittlement threshold at Tembrit. (b) Top view of the MG foil shaped at 330°C. This linear wave spring has a mass of ~110 mg.

Fig. 2 .

 2 Fig. 2. Side-view snapshots of the shaped MG foil during use as a linear wave spring. (a) Free-standing pre-shaped MG foil. (b) Elastic deformation at the maximum load when still functioning as conventional wave spring. (c) The undulatory behaviour in which further loading leads to elastic multiplication of the number of arcs in the waveform and to an increase in the load capacity.

Figure 3

 3 Figure3depicts the load-displacement behaviour during loading and unloading of a pre-shaped MG foil. Up to 140 N, the foil behaves as a non-linear flat spring, the spring stiffness increasing steadily from 120 to 460 N mm -1 . The maximum stored elastic energy for this first stage of operation of the wave spring is ~26.6 mJ (i.e. ~1773 kJ m -3 per unit volume of material). With further loading, the foil enters a transition zone, in which the formation of each additional arc causes an instant drop in load while at the same time additional elastic energy is stored. When more arcs are formed, the new waveform works as a different flat spring, attaining a load capacity higher than 270 N and a spring constant (~1780 N mm -1 )

Fig. 3 .

 3 Fig. 3. Load as a function of displacement during loading and unloading of the linear wave spring made by pre-shaping an MG foil. The transition zone is characteristic of MG foils, and corresponds to the undulatory behaviour in which additional arcs are generated (Fig. 2c).

Figure 4

 4 Figure 4 shows the morphology of an MG foil before and after loading to 200 N. Systematic SEM examination did not detect any cracks or shear-bands on the surface of the foils submitted to loading and unloading tests in this study. The response of the wave springs appears to be completely elastic, with no plastic deformation.

Fig. 4 .

 4 Fig. 4. SEM images of an MG foil patterned into a linear wave spring: (a) after TEP to preshape; (b,c) after loading up to 200 N and unloading.

Fig. 5 .

 5 Fig. 5. Performance comparison of commercially available crystalline (black circles) with the MG (green diamonds) linear wave springs. The grey area maps the maximum working load of each individual commercial crystalline spring product [23]. The blue and red areas refer respectively to the working load of the pre-shaped and transformed waveform of the MG linear wave springs.

Fig. 6 .

 6 Fig. 6. Unshaped MG ring and the annular waveform die. (a) Ring (mass ≈ 35 mg) cut from an Fe-based MG foil by electroerosion. (b) The bottom part of the stainless-steel die. (c) Both parts of die that impose the waveform on the MG ring.

Fig. 7 .

 7 Fig. 7. Fe-based MG foil shaped into an annular wave spring. (a) Heating profile for TEP of a sample in the annular die placed in a furnace at 450°C. (b) Shaping factor as a function of the final anneal temperature, and the thermal embrittlement threshold at Tembrit.

Fig. 8 .

 8 Fig. 8. Annular wave springs formed by TEP of MG foils. (a,b) Side-view of wave springs with the maximum shaping factor achievable for (a) Ta < Tembrit (plastic) and (b) Ta> Tembrit (brittle). (c,d) The corresponding 45° views. (e,f) The corresponding top views.

Figure 8 compares

 8 Figure 8 compares MG annular wave springs, focusing on the maximum shaping

Fig. 9 .

 9 Fig. 9. X-ray diffractograms of Fe-based MG foils. An as-cast foil (black trace) is compared with foils subjected to TEP in the annular die: heated to Ta = 245°C and 285°C, and remaining plastic (blue); heated to Ta = 315°C and 340°C, and embrittled (red).

Fig. 10 .

 10 Fig. 10. Side-view snapshots during loading of an Fe-based MG foil shaped into an annular wave spring: (a) at zero load; (b) intermediate stage and (c) final condition of the additional arc formation through the undulatory behaviour that is characteristic of MG foils.

Figure 11

 11 Figure 11 depicts the load-displacement behaviour during loading and unloading of the MG annular wave spring. In this case, the transformation zone spans from ~0.3 mm to ~1.3 mm. With its original waveform, the MG spring can sustain loads of up to ~7 N, storing ~1.2 mJ (i.e. 254 kJ m -3 per unit volume of material). The maximum load capacity of 450 N is

Fig. 11 .

 11 Fig. 11. Load as a function of displacement during loading and unloading of the annular wave spring made by pre-shaping an MG foil. The region within the transition zone, in which the number of arcs in the spring doubles under load, is highlighted in the inset.

Fig. 12 .

 12 Fig. 12. Performance comparison of commercially available crystalline (black circles) with the MG (green diamonds) annular wave springs (wave spring washers). The grey area maps the maximum working load of each individual commercial crystalline spring product [27]. The blue and red areas refer respectively to the working load of the pre-shaped and transformed waveform of the MG annular wave springs.

Fig. 13 .

 13 Fig. 13. Assemblies of MG annular wave springs. (a) Single-turn wave springs with a variety of inner and outer diameters. (b,c) Stacking assembly of individual wavy patterns. MG wave spring washers assembled from (d,e) two, and (f,g) four individual waveforms.

Fig. 14 .

 14 Fig. 14. Mapping of the ideal maximum possible stored elastic energy per unit volume vs Young's modulus for the materials in the CES EduPack database [29]. Highlighted are: (TM)-based (TM= Zr, Pd, Ti) MGs (blue dot), Fe-based MG (red dot), Co-based MG (green dot); copper-beryllium alloys (in yellow); and various steels (in cyan).
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N, and after arc-multiplication can support an ultimate load of 450 N. The linear and annular springs can, without damage, support loads that are, respectively ~2.5×10 5 times and ~1.3×10 6 times their own weight. MGs, in general, are known to be attractive as spring materials, and the particular Fe-based MG in the present study has an ideal elastic-energy storage capacity of 40,000 kJ m -3 , far exceeding that of common, crystalline spring materials.

Per unit volume of material, the wave springs can store as much as 2600 kJ m -3 (6.5% of the ideal value). The normal working limit of the MG wave springs is likely to be in the conventional regime (fixed number of arcs), but the undulatory behaviour is important in rendering the springs fail-safe even under extreme overload. Conventional wave springs are excellent for action in a restricted volume. The present work shows that this attribute could be improved very significantly through the use of shaped MG foils. In particular, there is great potential for novel wave springs with enhanced mechanical performance, and with reduced volume and weight, in the development of MEMS devices.