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            Abstract
Strain-hardening (the increase of flow stress with plastic strain) is the most important phenomenon in the mechanical behaviour of engineering alloys because it ensures that flow is delocalized, enhances tensile ductility and inhibits catastrophic mechanical failure1,2. Metallic glasses (MGs) lack the crystallinity of conventional engineering alloys, and some of their propertiesâ€”such as higher yield stress and elastic strain limit3â€”are greatly improved relative to their crystalline counterparts. MGs can have high fracture toughness and have the highest known â€˜damage toleranceâ€™ (defined as the product of yield stress and fracture toughness)4 among all structural materials. However, the use of MGs in structural applications is largely limited by the fact that they show strain-softening instead of strain-hardening; this leads to extreme localization of plastic flow in shear bands, and is associated with early catastrophic failure in tension. Although rejuvenation of an MG (raising its energy to values that are typical of glass formation at a higher cooling rate) lowers its yield stress, which might enable strain-hardening5, it is unclear whether sufficient rejuvenation can be achieved in bulk samples while retaining their glassy structure. Here we show that plastic deformation under triaxial compression at room temperature can rejuvenate bulk MG samples sufficiently to enable strain-hardening through a mechanism that has not been previously observed in the metallic state. This transformed behaviour suppresses shear-banding in bulk samples in normal uniaxial (tensile or compressive) tests, prevents catastrophic failure and leads to higher ultimate flow stress. The rejuvenated MGs are stable at room temperature and show exceptionally efficient strain-hardening, greatly increasing their potential use in structural applications.
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                    Fig. 1: Rejuvenation and deformation of an MG.[image: ]


Fig. 2: The onset of inhomogeneous flow (shear-banding) leads to surface steps on samples subjected to uniaxial compression.[image: ]


Fig. 3: Induced changes in the MG state.[image: ]


Fig. 4: Transmission electron microscopy of as-cast and rejuvenated MG.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Uniaxial compression of Zr61Cu25Al12Ti2 MG rods (1.5-mm diameter, 3.0-mm height).
a, Engineering stressâ€“strain curves of as-cast and rejuvenated rods. On increasing the stress, the yield stress Ïƒy is the point at which there is the first deviation from linearity. The curve of the rejuvenated rods shows a more gradual onset of yielding and a lower Ïƒy. b, Superposed stressâ€“strain curves for different rejuvenated rods. The compression tests were terminated at different points, and the total strain Îµt (1.8â€“20%) and flow stress Ïƒf (1.51â€“2.41Â GPa) are listed in the key. The close correspondence of the curves shows the reproducibility of the results, and the increase in Ïƒf is evidence for strain-hardening. In addition, the possibility of large strain without fracture and the very low amplitude of serrations (compared to an as-cast sample; see the inset in Fig. 1b) are clear.


Extended Data Fig. 2 Onset of inhomogeneous flow (shear-banding) in the compression of Zr61Cu25Al12Ti2 MG rods.
Scanning electron microscopy images of the samples used in the tests shown in Extended Data Fig. 1b, labelled with the corresponding values of total strain (Îµt). a, Shear-banding associated with the onset of plastic flow in the as-cast glass. b, Close-up image of the shear bands shown in a. câ€“h, Rods of rejuvenated MG (insets), tested to the total strains shown, and close-up images of the surfaces (main images). The onset of shear-banding is at ÎµtÂ =Â 2.8â€“3.7%. For finely spaced shear bands, extensive, relatively uniform flow and bulging of the sample can be seen (h).


Extended Data Fig. 3 Tensile testing of rejuvenated Zr64.13Cu15.75Ni10.12Al10 MG.
a, The test sample is shown in the inset. The stressâ€“strain curves obtained on reloading are offset for clarity. On the second loading (green curve), yielding (indicated by the arrow) begins at ÏƒyÂ =Â 1.27Â GPa and ÎµyÂ =Â 1.7%, and continues to ÎµpÂ =Â 0.26% and ÎµtÂ =Â 2.35%; at that point ÏƒfÂ =Â 1.52Â GPa, which is the yield stress at which flow resumes on the third loading, showing clear strain-hardening. On the third loading, serrations begin at ÎµpÂ =Â 0.31% and ÎµtÂ =Â 2.73%, and ultimate failure is at ÎµpÂ =Â 0.42%, ÎµtÂ =Â 2.84% and ÏƒfÂ =Â 1.61Â GPa. b, c, Shear-banding is observed only near the fracture. It is clear that shear-banding can be suppressed for small Îµp and that this suppression is important because the onset of shear-banding appears to be quickly followed by fracture. d, Fracture occurs by shear in the through-thickness direction on a plane inclined at 54Â° to the tensile axis. This angle is typical for MG failure in tension40. e, Differential scanning calorimetry (DSC) traces measured on heating MG samples at 20Â KÂ minâˆ’1: as-cast (blue), rejuvenated (red), and rejuvenated and then deformed to fracture in uniaxial tension (green). The dashed horizontal lines in the inset show the baseline with respect to which the heat of relaxation Î”Hrel is measured. Details about the samples are provided in Extended Data Table 3. The dashed box in the inset shows the portion of the fractured sample used for the DSC measurement of the rejuvenated and deformed MG, and the arrow points to the corresponding DSC trace. In agreement with the results of compression tests (Figs. 1b, 3), the strain-hardening in tension can also be associated with structural relaxation: the heat of relaxation in the rejuvenated MG, 1.25Â kJÂ molâˆ’1, is reduced to 0.64Â kJÂ molâˆ’1 in the sample loaded in tension to fracture. Exo., exothermic; Rej., rejuvenated sample; Rej. + Tension, rejuvenated and deformed sample.


Extended Data Fig. 4 TEM of the central region of a rejuvenated Zr64.13Cu15.75Ni10.12Al10 MG sample.
The high-angle annular dark-field (HAADF) image and the EDX maps show the sample to be structurally and chemically homogeneous. The measured elemental contents are close to the nominal values. at.%, atomic percentage.


Extended Data Fig. 5 Radial distribution function analysis of as-cast and rejuvenated samples of Zr64.13Cu15.75Ni10.12Al10 MG.
The radial distribution functions (RDF) are computed from SAED patterns acquired by TEM. The RDF represents the local density of atoms at a distance r from a central atom. The samples are taken from the regions indicated in Fig. 4b (inset). The as-cast sample is taken from a region far from that affected by the rejuvenation treatment. In samples from rejuvenated regions, the nearest-neighbour (r1) peak is at a higher r value than the as-cast sample. Because no change in chemical homogeneity is observed, this shift is taken to indicate a reduction in density of the MG, as also inferred from the first peak in I(q) (Fig. 4b). The second peak (r2) shows the splitting (shoulder at high r) that is characteristic of MGs41,42. This characteristic shape appears on cooling the liquid through the glass transition, and can be taken to indicate the nature of the linking between the nearest-neighbour coordination shells around the atoms17, with the main peak being associated with linking through shared edges. On rejuvenation, the shoulder at high r grows, indicating more linking through vertices, and the shoulder at low r shrinks, indicating less linking through shared faces. All these changes are consistent with rejuvenation resulting in more loosely packed or liquid-like regions. The labels Ã—3, Ã—5 and Ã—10 indicate the magnification factors applied to the intensities of the corresponding peaks in the RDF curves to facilitate visualization and comparison.


Extended Data Fig. 6 True stressâ€“true strain curves comparing strain-hardening in rejuvenated Zr64.13Cu15.75Ni10.12Al10 MG and in a conventional engineering alloy (316 stainless steel, annealed).
The behaviour of crystalline metals and alloys is often characterized by fitting the plastic-flow part of the curve to ÏƒfÂ =Â KÎµn, where Îµ is the strain, K is the flow stress at ÎµÂ =Â 1.0, and the strain-hardening exponent n is typically 0.1â€“0.3. Considering the full range of the curve in each case, the elastic limit (circled) occurs at much higher relative stress and strain for the MG than for the conventional alloy, and n is inappropriate for characterizing the MG. Instead we use the initial rate of hardening, RÂ =Â d(trueÂ stress)/d(trueÂ strain), indicated by the arrows. The MG has much higher values of R and of R/Ïƒyâ€”so high that, except in close-up (for example, Fig. 1b inset), the transition from elastic to plastic deformation is difficult to discernâ€”and a much smaller total increase in flow stress Ïƒf relative to Ïƒy. The high value of R/Ïƒy leads to rapid saturation of the hardening, after which the MG reverts to the strain-softening behaviour of as-cast unrejuvenated glasses. Notably, however, the rejuvenated and then hardened glass continues to have much more uniform flow (smaller stress serrations) than an as-cast glass. The curve for the stainless steel is based on published data43, and can be taken as an intermediate case for engineering alloys: the value of R/Ïƒy and the strain to failure is higher for pure metals and lower for hardened alloys. The curve for the MG measured in this work was obtained on continuous loading under compression.


Extended Data Table 1 Apparent strain-hardening in monolithic MGsFull size table


Extended Data Table 2 Strain-hardening in MG-matrix compositesFull size table


Extended Data Table 3 Values of yield stress Ïƒy, flow stress Ïƒf, microhardness Hv, heat of relaxation Î”Hrel and main halo position q1 for samples of two bulk MGsFull size table
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