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The metallic glasses are known as amorphous and metastable materials. These materials have superior mechanical properties over crystalline materials with the same chemistry. Continuous efforts were made to improve the properties of metallic glass. The severe plastic deformation (SPD) method is used to improve the ductility of the glass. SPD causes the deformation at the atomic level in the disordered structure of the glass. Many methods are reported, such as cryogenic cycling, high-pressure torsion, and equal channel angular pressing, which are used for the SPD. In recent works on nanostructured metallic glasses, it has been evidenced that some properties, for example, mechanical, thermal, and magnetic, have improved compared to the bulk metallic glass. This paper has reviewed the recent progress in the SPD of the bulk and nanostructured metallic glasses. Different methods for the SPD have been addressed here. The effect of SPD on the properties of metallic glass is deliberated in this paper. Moreover, the challenging tasks of deformation occurrence in the glass and its characterization were considered, trying to develop a sound understanding of SPD in bulk and nanostructured metallic glasses.
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INTRODUCTION
It has been more than six decades for metallic glass (MG) to become an active research topic for the materials science community (Cheng and Ma, 2011; Schroers, 2013). MG has unique properties compared to their counterpart crystalline materials of the same chemical compositions, such as high hardness, high strength, better corrosion resistance, and excellent soft magnetic property (Kruzic, 2016; Zhu et al., 2018). MG reveals an excellent combination of mechanical properties such as high strength and high toughness, making them suitable for several mechanical engineering applications (Wagner et al., 2011; Ma, 2015). There is substantial progress in the synthesis and processing of metallic glasses. Due to the rapid quenching from the melts at a high cooling rate, MG possesses a disordered atomic structure (amorphous) and is thermodynamically unstable. However, MG shows superior properties. Still, several challenges exist for MG, such as its bulk production and embrittlement at room temperature. Hence, it is essential to have a clear understanding of glass structure and its relation to the properties of MG. It is known that the MG does not have any ordered microstructure (featureless) and is homogeneous, which is supported by earlier studies (Ma, 2015). However, recently, with the availability of advanced characterization techniques and simulation tools, it has been found that there is chemical inhomogeneity at the atomic level in the MG. Moreover, in recent times, there have been reports on the synthesis of nanostructured MG termed as nanoglass using techniques such as inert gas condensation, sputtering, and electrolysis (Stoesser et al., 2014; Sniadecki et al., 2016; Guo et al., 2017; Mohri et al., 2018; Benel et al., 2019; Chen et al., 2019). These nanoglasses have demonstrated exciting properties that have not been seen in the bulk MG of the same chemical compositions. It is evidenced that the bulk MG’s atomic structure is different from the nanostructured MG, which affects the properties of these glassy materials.
Several processing methodologies are extensively used to improve the properties of the bulk and nanostructured MG. Severe plastic deformation (SPD) is a technique that deforms the atomic structure of the material and results in the modification in their chemistry and microstructure at the nanoscale (Ebrahimi, 2017; Ebrahimi and Shamsborhan, 2017; Djavanroodi et al., 2019). Several reports explored some exciting properties of the MG due to the deformation phenomena at the nanoscale (Valiev et al., 2000; Dmowski et al., 2010; Peng et al., 2011; Hufnagel et al., 2016). Liu et al. (2007) reported the superplasticity in ZrCuNiAl BMG at room temperature and proposed a solution to the brittleness of glasses. They have found that the superplasticity of bulk metallic glasses is due to the presence of hard regions surrounded by soft regions, which is evidenced by the microstructure analysis. This feature allows the glasses to experience a true strain of more than 160%. Greer et al. (2013) discussed shear banding, a pervasive plastic deformation mode in materials. They emphasized that shear bands play a decisive role and are considered a controlling factor in the metallic glasses, demonstrating the plasticity and failure at room temperature. In general, shear bands are treated as a fundamental materials science issue. Mature shear bands are developed by initiating shear transformation zones, propagating, and structural evolution. The enthalpy and free volume of metallic glasses can considerably rise by the rejuvenation process by the structural excitation. Feng et al. (2018) reported the rejuvenation in Zr46Cu46Al8 metallic glasses by molecular dynamics simulation using a pressure preloading model. They found that high-density deformation units in different regions are gradually formed by increasing strain in the rejuvenated Zr46Cu46Al8 metallic glass with pressure preloading. Moreover, the degree of the short-range order increases with the pressure preloading. In another study, Zhang et al. (2020) annealed the Ce69Al10Cu20Co1 metallic glass to its metastable equilibrium super-cooled liquid state below the calorimetric glass transition temperature. They performed the quenching of the super-cooled liquid state in the liquid nitrogen. The quenching process affects the growth of the structural units, free volume, internal stress, and atomic clusters in the metallic glass, and it shows the relaxation-to-rejuvenation transition.
Given the above discussions, it is crucial to study the deformation of metallic glass. It is interesting to understand the size effect on the deformation mechanism in metallic glass. Herein, we reviewed the state of the art of SPD of the bulk and nanostructured metallic glasses. Different deformation techniques, their mechanism, and their effect on structure and properties are discussed in detail. It is believed that the SPD in metallic glasses is essential to make sophisticated designs and to realize how to attain the desired properties.
GENERAL IDEA ON SEVERE PLASTIC DEFORMATION
SPD is an innovative process technology used for bulk nanostructured materials production with interesting properties (Valiev et al., 2000; Valiev, 2003). Generally, SPDed materials have been subjected to high-pressure torsion (HPT) or equal channel angular pressing (ECAP) at room temperature, as shown in Figure 1. These techniques generate heat during the experiment and are usually done under hot deformation. However, there are some reports on cryogenic SPD at low temperatures (Yin et al., 2004; Kim et al., 2009; Zhang et al., 2013; Edalati et al., 2014). The effect of higher temperature on the SPD is also studied by providing external heat. In such a situation, time-dependent diffusion occurs through thermally activated mobility of atoms and vacancies (Setiawan et al., 2011). Rogachev et al. (2021) reported the effect of the temperature during the HPT deformation process and successive annealing at different temperatures on the phase and structural transformations of the Zr-2.5% Nb alloy. They examined the temperature effect on the microhardness of the alloy. It was found that, during the HPT process, the a-Zr to ω-Zr phase transformation happens. However, being subjected to annealing of the HPT-processed alloy samples leads to reverse ω-Zr to a-Zr phase transformation. Dong et al. (2022) studied the combined effect of SPD and annealing process on the 316LN stainless steel to achieve excellent mechanical properties. They reported that the ultra-fine grained 316LN steels were achieved after annealing at a higher temperature. It is interesting to see the σ phase creation at grain boundaries in the temperature range of 750–850°C. The SPD method has several advantages over the other methods in nanostructured material production, such as physical vapor deposition, ball milling, and chemical route synthesis. Furthermore, SPD can solve the problems of residual porosity, impurity during processing, and limited production of nanostructured materials. It is known that severe deformation down to the atomic level can significantly refine the microstructure, leading to interesting properties of the nanostructured materials. In general, the average grain size of the crystalline material plays a significant role in defining the mechanical and physical properties of the materials.
[image: Figure 1]FIGURE 1 | Schematic presentation of the (A) high-pressure torsion (HPT) and (B) equal channel angular pressing (ECAP).
Cepeda-Jimenez et al. reported the effect of HPT on the magnetic property of the pure hafnium (Hf) (Cepeda-Jiménez et al., 2017). They reported the room temperature ferromagnetism occurrence in pure hafnium by SPD using HPT. However, it is paramagnet in nature. This work demonstrates an elastic lattice distortion in pure Hf by HPT, resulting in grain refinement down to the nanocrystalline. This condition leads to a new monoclinic crystalline structure establishment and spontaneous magnetization at room temperature. The mechanical strength of polycrystalline materials is associated with the grain size, and the relationship is well defined by the Hall–Petch equation that quantifies the yield stress, σy, where σf is the friction stress, ky is the constant of yielding, and d is the grain size as follows (Valiev and Langdon, 2006):
[image: image]
In the above equation, the mechanical strength increases with the reduction in the grain size of the crystalline materials. Hence, refining the crystalline materials through SPD leads to the fabrication of exceptionally fine grain sizes that enhance the mechanical strength of the materials.
However, Gleiter et al. in 1989 discovered an interesting observation that the hardness of the Cu and Pd nanocrystalline metals of grain size of 5–10 nm decreases with the decrease in the grain size at room temperature (Chokshi et al., 1989). They have suggested the reason for such a result is the diffusional creep manifestation at the grain boundaries. Later on, several studies discovered similar effects for the nanocrystalline materials termed as the “inverse Hall–Petch effect.” Many systems of very small nanocrystalline grains (<100 nm) demonstrated the grain boundary sliding and dislocation emission from the grain boundaries. When a load is applied to nanocrystalline materials of very small grains, the stress is developed due to the grain boundary sliding and results in the lattice dislocations emission at the triple junctions. Therefore, in such a situation, nanocrystalline materials behave contrary to the Hall–Petch effect, valid for bigger grain size (Padmanabhan et al., 2014; Quek et al., 2016; Li and Ma, 2018).
In the case of SPD of metallic glass, the atomic structure and its behavior under stress should be carefully understood. It is known that, in glasses, atoms are disordered and experience a distorted environment, which gives rise to the atomic-level stress in the glass. It is defined that the average of the atomic-level stress is equivalent to the external stress that is typically zero. Primarily, the atomic-level stress was considered a tool to describe the local structure of the metallic glasses. However, progressively, it is important to look beyond the early expectations. It is realized that this is a controlling factor for many phenomena in the disordered glass system, such as structural relaxation, glass transition, and mechanical behavior. Egami (2011) pointed out that the stress at the atomic level is defined for each atom in the glass system. This stress depends on the nature of the atom (e.g., size and volume) and is related to the surrounding environment (i.e., interaction with other atoms) and the atomic cage (network) formed around the atom. The atomic-level stress in glasses was introduced to define the structural defects as the extreme stress values. In the glass, fluctuation of the densities is observed at the atomic level. The low-density regions are considered regions with a more free volume. However, high-density regions are anti-free-volume regions (Egami et al., 1980). Egami et al. (1980) illustrated the defects of free volume and anti-free volume as the n- and p-type defects, respectively. The unrelaxed structure has both n- and p-type defects. Hence, the structural relaxation happens through recombining the n- and p-type defects (Srolovitz et al., 1981). The total change in the volume owing to relaxation occurs by considering the contribution from both n- and p-type defects. It is found that the n- and p-type defects neutralize each other, and the total volume change due to relaxation is about 0.5% (Egami et al., 2013). However, a change in the atomic pair-density function (PDF) that emphasizes the local environment role of the atomic structure is more prominent (about 10%) (Egami, 1978; Srolovitz et al., 1981). Glasses are known for their universal feature of dynamic relaxation. The relaxation processes occurring in the time, frequency, and temperature domains regulate the functions, properties, and applications of glass materials. Hence, the above intrinsic behavior of glass is expected to be affected by the severe plastic deformation mechanism. The nature of the SPD will be dependent on the synthesis techniques and processing parameters of the glass.
DIFFERENT METHODS USED FOR THE SPD
Different methods are used for severe plastic deformation depending on the nature and targeted properties of the materials. In general, two SPD techniques are most popular: HPT and ECAP.
High-Pressure Torsion
As depicted in Figure 1A, the HPT is designed to apply shear at high pressure on the material to bring the deformation down to the atomic level. It is a top-down approach to produce the nanomaterials from the bulk. The bulk sample in the disk shape is placed between two anvils under a compressive applied pressure of several GPa at room temperature or an elevated temperature. At the same time, a torsional strain is applied through rotation of the lower anvil. The disk sample deforms through surface frictional forces due to shear, and deformation continues under a quasi-hydrostatic pressure. The shear strain (dα) can be calculated using the radius of the disk (r), change in the rotational angle (dθ), and the thickness of the disk (L) as follows:
[image: image]
The deformation of the sample subjected to the HPT is carried out under two conditions depending on the confinement of the materials flow under deformation (Zhilyaev and Langdon, 2008). These are termed constrained and unconstrained HPT. In the constrained HPT, the material flow is restricted within the sample. In this case, the sample size exactly matched with the crater size of the lower anvil so that the material cannot come out of the crater, and deformation takes place effectively inside the sample with a generation of some back pressure during the process. However, it is difficult to achieve the total flow restriction inside the crater in most cases. Some portion of the sample is outside of the crater, which flows unrestricted under torsion. In contrast, in the case of the unconstrained HPT, the sample was placed between the anvils. The sample flows freely during the deformation process, and there is negligible back pressure experienced. In general, the HPT technique is extensively used for crystalline materials. However, few studies were recently carried out on glassy materials (Wang et al., 2011; Singh et al., 2020a, 2020b).
Equal Channel Angular Pressing
ECAP has materialized as a well-known technique for producing ultrafine-grained nanostructured materials through a deformation mechanism, and the technique is based on the extrusion principle (Ebrahimi et al., 2015; Ebrahimi and Gode, 2017). The ECAP is carried out with the rod- and plate-shaped bulk samples that angularly extruded, as shown in Figure 1B. In this case, samples are enclosed in the angular cavity, and flow is restricted in all directions. However, it is allowed in one direction under externally applied pressure. A few factors affect the ECAP process: channel angle, curvature angle of the outer arc, pressing speed (≈1–20 mm s−1), pressing temperature, internal heating during ECAP, and back pressure imposed during ECAP (Valiev and Langdon, 2006). This method is promising for producing many metallic nanostructured materials with crystalline and glassy phases. The ECAP process helps improve mechanical strength, ductility, and fatigue behavior.
Rezaei et al. (2017) consolidated the Al65Cu20Ti15 metallic glass reinforced with Al composites using the ECAP process. They studied the effects of consolidation temperature ranging from room temperature to a lower temperature of the first crystallization of metallic glass during the ECAP process on the relative densities, structural evolutions, and mechanical properties. The precipitation of some intermetallic compounds such as Al5CuTi2, Al3Ti, and Al4Cu9 from the metallic glass was observed at 300°C of the consolidation temperature. Moreover, the matrix grains size of the composite was not affected by the consolidation temperature. The density was increased with the consolidation temperature to 250°C. The best combination of mechanical properties with the yield strength of 184 MPa and ductility of 48% was reported for the composite consolidated at 250°C through the ECAP process. Some more studies were carried out on the consolidation of Al-Cu-Ti metallic glass reinforced with the Al using the ECAP process (Rezaei et al., 2016, 2018). Tong et al. (2013) performed another study using the ECAP on (La0.5Ce0.5)65Co25Al10 and Zr52.5Cu17.9Ni14.6Al10Ti5 BMGs. They found the anisotropic strain in the processed samples using high-energy X-ray diffraction patterns analysis. Further analysis on the strain anisotropy in the ECAP processed samples was observed due to elastic strains. It was summarized that the elastic strain is carried on by residual stress initiating from the shear bands. In addition, the deformation during the ECAP process is characteristically inhomogeneous.
CHARACTERIZATION METHODS FOR THE SPD
The characterization of the SPDed crystalline materials is relatively more straightforward than that of the glassy materials. The most prevalent techniques are electron microscopy, such as transmission electron microscopy (TEM) and field emission electron microscopy (FESEM). However, other approaches such as atom probe tomography (APT) are more reliable for crystalline and glassy materials in order to visualize the deformation during SPD. The most exciting visualized effect in the SPDed materials is the high-density grain boundaries found in the nanostructured crystalline materials. These grain boundaries are in the non-equilibrium state and thus of high importance. The deformations due to the SPD lead to the fabrication of grain boundary segregation. The other techniques used for the characterization of the SPD include X-ray diffraction, Mössbauer spectroscopy, differential scanning calorimetry, and impedance spectroscopy. These characterization techniques are helpful to study the defects in both the grain boundaries and the grain body of nanostructured materials. Different models for the nanostructured materials are proposed based on these results. However, it is challenging to study the deformation caused by the SPD in the case of glassy materials. It is known that the glassy materials do not have any ordered microstructure, and hence, it is difficult to find the defects in the glassy materials.
SPD IN BULK METALLIC GLASS
SPD has been used for the refinement of the microstructure of crystalline materials. Nevertheless, in recent times, it has been one of the exciting methods for processing glassy materials and observing some fascinating resultant properties tools for glassy materials. However, glassy materials are one of the disordered and metastable states of the matter. They do not have any defined microstructure, and each atom experience a unique environment. Hence, the structure–properties relationship is more complex than the crystalline materials.
In general, bulk metallic glasses are employed properly below the glass transition temperatures for several engineering applications. Liu et al. (2007) reported the superplasticity for the different ZrCuNiAl bulk metallic glass compositions at room temperature. It was concluded that superplasticity is due to the presence of hard regions surrounded by soft regions that increase the strain up to 160%. They performed several compression tests on the three different compositions of ZrCuNiAl BMG at room temperature. The compression test causes intense deformation of the BMG rods into flakes without fracturing (Figure 2). The high flowability of the BMGs under compression causes expansion of the flacks to larger sizes (i.e., diameter more than 5 mm), as shown in Figure 2. In addition, these BMGs in the shape of both rod and plates are bent into desired shapes at a maximum bending angle of 90o (Figure 2).
[image: Figure 2]FIGURE 2 | Demonstration of the deformation of the ZrCuNiAl BMG by the compression and bending experiments. (A) True stress-true strain curve of S1 (Zr61.88Cu18Ni10.12Al10), S2 (Zr64.13Cu15.75Ni10.12Al10), and S3 (Zr62Cu15.5Ni12.5Al10) is tested at room temperature. (B) Deformed (under compression) flakes’ images of S1, S2, and S3. (C) Demonstration of exceptional deformability of S2 through bending into different shapes. (D) S2 BMG deformed at various compressive strains. Adapted from Figure 2 of Liu et al. (2007).
Wang et al. (2012) used SPD of a quasi-constrained volume to introduce the strain hardening and decrease shear localization in BMGs that substantially enhance their ductility. The improved ductility is due to increased free volume and nanoscale heterogeneity induced by SPD revealed by the structural characterization.
The formation of the shear bands is another feature of SPD in metallic glass. The shear bands are designed due to strain localization as restricted volume shears of the material relative to the rest. These shear bands cause chemical inhomogeneity during the deformation. Chellali et al. (2020) investigated the chemical inhomogeneity in the shear bands of bulk metallic glass. They observed rapid enhancement in the diffusivities of Cu and Zr along with the shear band subjected to the deformation of Cu50Zr50 metallic glass at room temperature. The change in the atomic distribution was examined using atom probe tomography. It is assumed that such a significantly enhanced diffusion during the shear bands creation is due to the increase in the temperature and the plastic deformation during the shear band motion. Interestingly, the chemical homogeneity remains the same in the regions outside of the shear bands. Moreover, they have found that the diffusivity of Ni tracer is eight times faster along with the shear bands than the homogeneous glassy regions. Such enhanced diffusivity in the shear bands indicates more free volume than the homogeneous metallic glass. In another study, Bokeloh et al. (2011) used the radiotracer measurement technique and found that the atomic diffusivity increased by more than eight orders of magnitude in the shear bands of the Pd40Ni40P20 metallic glass compared to the undeformed glassy region. They could not achieve a mechanism behind such fast diffusion. However, they assumed that excess free volume in the shear bands is non-homogeneous, and it stores near the interfaces between the undeformed region and deformed shear bands of the metallic glass. Hence, the SPD and its mechanism in the metallic glass are still unclear and need more insights with advanced experimental tools and simulation models.
SPD IN NANOSTRUCTURED METALLIC GLASS
There has been immense interest in nanostructured metallic glass for its unique structure compared to conventional metallic glass. Gleiter’s research group (Gleiter, 2008, 2013, 2016; Gleiter et al., 2014) proposed distinctive features for the nanostructured metallic glass, known as “nanoglass.” These nanoglass structures include the core glassy region and glass-glass interfaces, similar to the grain and grain boundaries in the nanocrystalline materials. A schematic representation of the nanoglass is provided in Figure 3. The atomic arrangements in the glassy core are different from the glass-glass interfaces, which contain an excess free volume and a more relaxed structure. This type of nanoglass is produced by consolidating glassy nanoparticles under high pressure and creating two non-homogeneous regions (i.e., glass and interfaces). The glassy nanoparticles are produced by the inert gas condensation technique using helium gas as a quencher medium. However, other methods are also used to produce the nanostructured glassy materials, including electrolysis, sputtering, and molecular beam epitaxy (Ivanisenko et al., 2018; Mohri et al., 2018; Benel et al., 2019; Singh et al., 2020a; Chen et al., 2020).
[image: Figure 3]FIGURE 3 | Schematic presentation of the nanostructured metallic glass (nanoglass) features containing glassy core and glass-glass interface regions.
Our previous study studied the deformation of the Tb75Fe25 nanostructured metallic glass (nanoglass) using high-pressure torsion (Singh et al., 2020a). In this regard, the TbFe nanoglass pellet was produced using the inert gas condensation technique and subjected to the HPT to introduce the deformation. This deformed nanoglass revealed the appearance of shear bands. In the shear bands, Tb has shown the high diffusivity in the shear band that is eight to ten times higher than the undeformed region of the nanoglass. Hence, a chemical inhomogeneity was observed between the shear bands and the undeformed regions, as shown in Figure 4. Moreover, a higher thermal stability parameter was reported for the as-prepared nanoglass than the deformed nanoglass under HPT. Moreover, high magnetic coercivity was observed in the as-prepared and deformed TbFe nanoglass of about 4 T at 1.8 K (Singh et al., 2020b). The as-prepared and deformed (HPT) nanoglass of TbFe underwent heat treatment. The heat-treated deformed nanoglass revealed a high magnetization compared to the heat-treated samples of the as-prepared nanoglass. Sharma et al. (2021) reported the effect of free volume on the deformation behavior of CuZr nanoglass. This work compared the deformation behavior between the as-prepared and the structurally relaxed CuZr nanoglass. They found that the structurally relaxed nanoglass exhibited a higher hardness value than the as-prepared nanoglass. Moreover, the structurally relaxed nanoglass demonstrated the heterogeneous plastic deformation behavior under the micro-hardness test in contrast to the as-prepared nanoglass. This was also supported by the shear bands found at the periphery of the micro-indentation imprint for the structurally relaxed nanoglass.
[image: Figure 4]FIGURE 4 | Atom probe tomography image of the shear bands (A,B) found for the Tb75Fe25 nanoglass subjected to severe plastic deformation by HPT. The chemical composition profiles of Tb and Fe across the shear bands indicate the compositional fluctuation. (C) The image was adapted from Singh et al. (2020a).
COMPARISON OF SPD EFFECT ON THE BULK AND NANOSTRUCTURED METALLIC GLASSES
It is interesting to compare the deformation mechanism between the bulk and nanostructured metallic glass. It is evidenced that the nanostructured metallic glass (nanoglass) has excess free volume at the glass-glass interfaces compared to the chemically homogeneous bulk metallic glass. Moreover, simulation studies experimentally proved and confirmed that, in the case of nanoglass, the segregation of the elements is pronounced. Danilov et al. (2016) pointed out that nanoglasses with unique, glassy microstructures display density variations that are not common in bulk metallic glasses with the same chemical composition. They perform some molecular dynamic simulations to study the nanoglass prepared by the physical vapor deposition (PVD) process, applying on the glassy nanoparticles and subsequently consolidating into a nanoglass. They found that these nanoglass structures prepared by PVD consist of two structural regions: nanometer-sized non-crystalline cores and interfacial regions between two non-crystalline cores. Interestingly, the interfacial regions’ atomic arrangement and internal energy differed from the conventional melt-quenched glass of the same composition. This diversity in properties is due to the boundary condition of the two regions of nanoglass. The presence of interface in the nanoglass resulted in different compositions revealing the segregation of elemental atoms, as shown in Figure 5. The other authors also reported the segregation of the elemental atoms at the interfaces in the nanoglass (Wang C. et al., 2016, Wang X. et al., 2016, 2019; Adjaoud and Albe, 2018; Ivanisenko et al., 2018).
[image: Figure 5]FIGURE 5 | (A) represents the radial profiles of the nanoglass as a function of potential energy. The inset of (A) shows the cross section of the nanoglass. The red atoms signify the core, and the blue atoms represent the shell. In (B), the nanoglass of the AB composition is prepared by vapor phase deposition where blue circles and green triangles are assigned to the concentration of A and B atoms, respectively. The image was adapted from the (Danilov et al., 2016).
Nandam et al. (2017) compared the deformation mechanism using a micro-indentation test for the nanoglass and melt-spun ribbon (bulk) of Cu50Zr50 metallic glass. They observed the homogeneous deformation in the case of the nanoglass. The melt-spun ribbon exhibited an inhomogeneous microstructure resulting from the shear bands. These two microstructures for the Cu50Zr50 metallic glass produced by two methods proposed that the nanoglass contains an additional structural feature as the interfacial regions. These interfacial regions have high free volume and act as nucleating sites to create numbers of shear transformation zones throughout the nanoglass and give rise to homogeneous deformation. However, such interfacial regions are absent in the melt-spun ribbons (bulk) of the metallic glass, and shear bands appear through mechanical deformation localized non-homogeneously. The melt-spun ribbon has shown pop-ins in the load versus displacement nanoindentation curve, whereas these pop-ins are absent in the nanoglass sample. This observation evidenced that the nanoglass has uniform deformation behavior under the load. In contrast, the melt-spun ribbon shows non-uniform deformation that appeared as pop-ins in the displacement curve. Hence, the atomic arrangements in the case of nanoglass and the bulk metallic glasses are diverse, resulting in different deformation mechanisms. The deformation mechanism in both the nanoglass and bulk metallic glass is an open topic of discussion. However, it is evidenced that nanoglass has a high volume of interfacial regions with extra free volume facilitating the deformation homogeneously. Moreover, in the previous discussions, it is also observed that the deformation in the nanoglass and the bulk metallic glass resulted in the shear bands demonstrating the high diffusivity along with the shear bands compared to the undeformed regions (Singh et al., 2020a; Chellali et al., 2020).
CONCLUSION AND OUTLOOK
This study discussed the severe plastic deformation (SPD) processing of metallic glasses. In general, the SPD technique is more common and widely used for crystalline materials. However, SPD processing of metallic glass materials has recently attracted much attention. A fundamental understanding of the different techniques of the SPD, such as high-pressure torsion and equal channel angular pressing, was also presented. Shear bands are the most common feature of the SPD. In this study, different aspects of the SPD in the bulk metallic glass and the nanostructured metallic glass were systematically discussed. The deformation mechanisms are different in both cases because of their different microstructures. The bulk metallic glass has a uniform microstructure and chemical homogeneity. However, the nanostructured metallic glass, also termed nanoglass, demonstrated the two structural features of the glassy core and the glass-glass interface. The atomic arrangement and energy landscape for these two regions are different and provide a unique structural feature absent in the bulk metallic glass. However, in both cases, high diffusivity in the shear bands has been observed compared to the undeformed region. These deformed metallic glasses have demonstrated some interesting properties. More studies are needed to understand the deformation mechanism in the metallic glasses of different structures. It is believed that much research is required to thoroughly explain the role of relaxation and free volume in the above metallic glasses on the different properties.
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