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            Abstract
When a spatially uniform temperature change is imposed on a solid with more than one phase, or on a polycrystal of a single, non-cubic phase (showing anisotropic expansionâ€“contraction), the resulting thermal strain is inhomogeneous (non-affine). Thermal cycling induces internal stresses, leading to structural and property changes that are usually deleterious. Glasses are the solids that form on cooling a liquid if crystallization is avoidedâ€”they might be considered the ultimate, uniform solids, without the microstructural features and defects associated with polycrystals. Here we explore the effects of cryogenic thermal cycling on glasses, specifically metallic glasses. We show that, contrary to the null effect expected from uniformity, thermal cycling induces rejuvenation, reaching less relaxed states of higher energy. We interpret these findings in the context that the dynamics in liquids become heterogeneous on cooling towards the glass transition1, and that there may be consequent heterogeneities in the resulting glasses. For example, the vibrational dynamics of glassy silica at long wavelengths are those of an elastic continuum, but at wavelengths less than approximately three nanometres the vibrational dynamics are similar to those of a polycrystal with anisotropic grains2. Thermal cycling of metallic glasses is easily applied, and gives improvements in compressive plasticity. The fact that such effects can be achieved is attributed to intrinsic non-uniformity of the glass structure, giving a non-uniform coefficient of thermal expansion. While metallic glasses may be particularly suitable for thermal cycling, the non-affine nature of strains in glasses in general deserves further study, whether they are induced by applied stresses or by temperature change.
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                    Figure 1: Thermal cycling of metallic glasses.[image: ]


Figure 2: Differential scanning calorimetry (DSC) of melt-spun ribbons of La55Ni20Al25 and bulk rods of La55Ni10Al35 metallic glasses.[image: ]


Figure 3: Cumulative distributions of (a) initial yield pressure Py and (b) hardness H.[image: ]


Figure 4: Improved plasticity after thermal cycling.[image: ]
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Extended data figures and tables

Extended Data Figure 1 DSC traces for ribbons of La55Ni20Al25 glass (heated at 20 K minâˆ’1).
a, These example traces for as-cast samples show the exotherm, just below the glass-transition temperature, from which the heat of relaxation Î”Hrel is determined. b, The effect of holding at 77 K: the traces show that the heat of relaxation Î”Hrel, given by the exotherm just below the glass-transition temperature, is, within the experimental error of 4%, the same for an as-cast ribbon, and for a sample held for 4 h at 77 K.


Extended Data Figure 2 Differential scanning calorimetry (DSC) of La55Ni10Al35 bulk metallic glass.
The heat of relaxation Î”Hrel is compared for discs (250â€“500 Î¼m thick) pre-cut from the bulk rod and then treated with room temperatureâˆ’77 K cycles, and for discs post-cut from treated rod samples. There is no difference between these cases within the error of Â±30 J molâˆ’1.


Extended Data Figure 3 Load-displacement curves for ribbons of La55Ni20Al25 metallic glass tested up to a maximum load Fmax of 40 mN.
The initial yield load Fy is indicated on the curves for the glass in three states: as-cast, after a 10-min hold at 77 K, and after a further ten room temperatureâˆ’77 K cycles each with 1 min hold.


Extended Data Figure 4 Instrumented indentation of La55Ni20Al25 metallic glass ribbon.
a, Initial yielding, characterized by initial yield pressure Py and initial yield displacement Î”h. Indentations are made for three states of the sample: as-cast, after a 10-min hold at 77 K, and after a further ten room temperatureâˆ’77 K cycles each with 1-min hold. b, c, Distributions of the Youngâ€™s modulus, using data from the same indentations of the sample in three states as in Fig. 3 and in a. Values of the Youngâ€™s modulus in the glass E are determined (b) by the standard Oliver and Pharr36 method on unloading from Fmax and (c) from Hertzian fitting to the Fâ€“h curve up to the first pop-in.


Extended Data Figure 5 Elastic moduli derived from resonant ultrasound spectroscopy for Cu46Zr46Al7Gd1 BMG treated with room temperatureâˆ’77 K thermal cycles.
Shear modulus (left axis); bulk modulus (right axis). Error bars, root mean square errors in the fitted frequencies.


Extended Data Figure 6 X-ray diffraction traces for Zr-based metallic glasses subjected to 338â€“77 K thermal cycles.
a, For melt-spun ribbons of Zr61.1Cu26.3Fe2.1Al10.5; b, for rods of Zr62.2Cu23.9Fe4.8Al9.1. No clear changes are induced by the cycling treatments.


Extended Data Figure 7 Compressive stressâ€“strain curves for rod samples of Zr62Cu24Fe5Al9 BMG.
a, For rods of 2 mm diameter; b, for rods of 2.5 mm diameter. In each case, increasing numbers of 338 K to 77 K thermal cycles cause the plastic strain to increase.


Extended Data Figure 8 Dynamic mechanical analysis of ribbons of La55Ni20Al25 metallic glass.
The heating rate is 3 K minâˆ’1. The general form of the curve matches that shown in Fig. 1a, where an example was chosen of a metallic glass showing Î² relaxation at a particularly low value of T/Tg. For La55Ni20Al25 the Î² relaxation is centred at T/Tg â‰ˆ 0.8.


Extended Data Table 1 Values of the Biot number Bi for immersion in liquid nitrogen of the various sample geometries in the present workFull size table


Extended Data Table 2 Summary of instrumented-indentation testsFull size table
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        Editorial Summary
A metallic glass rejuvenated
As a glassy system slowly relaxes towards equilibrium, it is said to 'age', with corresponding changes in many of its material properties. Push the system back away from equilibrium via the injection of energy â€” for example by heating or mechanically stressing it â€” and its youthful character can be recovered. Now Sergey Ketov et al. find that such rejuvenation can be achieved under much more benign conditions. By simply thermally cycling the glass (or, in this instance, the metallic glass) at a temperature well below the glass-transition temperature, a surprisingly large degree of rejuvenation can be achieved. The authors attribute this to the effect of intrinsic structural heterogeneities in the glassy state, which translate into localized internal strains as the temperature cycles and the different regions expand and contract by different amounts.
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