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Supplementary Figures

El
g
2
i)
C
2
£
20 | 40 | 60 1 80
2 theta (deg.)
1 Tx (b)

Heat flow (a.u.)
-
P e e

1 L 1 L 1

1 i
600 700 800 900
Temperature (K)

Figure S1. (a) XRD patterns of the rods with compositions Z1—(Fe¢Cug4)33AlsZrsy, Z2—
(Feo.45Cuq.55)33AlZrs9, and Z3—(Fep3Cuq7)33Al8Zrs9, show broad halos and no Bragg peaks; (b)
differential scanning calorimetry traces for samples heated at 20 K-min™', show the glass
transition at 7, and crystallization exotherms with onset at 7. In each case, the glassy nature of

the as-cast samples is confirmed.



1600
1400 O T bece-Fe|
-4 Mg o i
2 IR
* . ~

“g 1200 . ~
5 fee-Cul N
dc-uf N . \
1000 \
Q) -

o L ‘ \
g ' ) \
800 . .

l_ " .
600 . .

400 et 0400w 1w 1 )

Cu Fe concentration (at.%) Fe

Figure S2. Phase diagram for the [FeyCugx]o2Als cross-section, calculated using
thermodynamic data of Miettinen®'. The dashed red and dotted blue curves are bimodal and
spinodal lines, respectively. The blue arrows point to the compositions of the cast [Fe,Cuy.
0]o2Alg rods with (a) x = 0.6; (b) x = 0.45; (¢) x = 0.3.. The critical point composition is
[(Feo.35Cuo.65)o2Als].
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Figure S3. SEM side-view image of Z2—(Fey4sCugss)33AlsZrsy specimens, compressed to (a)
~3.5%, (b) ~7.0%, and (c) ~110% plastic strain; (d) locally magnified image of panel (c). The

wavy and differently oriented shear bands indicate the complexity of maintaining strain

continuity in the sample.
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Figure S4. Synchrotron X-ray diffraction. (a) Structure factors for a Z2 — (Feg45Cug 55)33AlsZrs9
sample, measured in-situ by high-energy synchrotron diffraction during uniaxial compression; (b)
structure factors, and (c) total pair-distribution functions for 0 and 110% plastic strain. The thick
blue and thin red lines show measurements on specimens, respectively, in the as-cast state and
after ~110% plastic deformation. The inset in (c) is a magnified image of the first peak. The
peaks at ¥=2.71 A and » = 3.15 A, correspond, respectively, to the nearest-neighbor bonds of the
smaller Cu and Fe atoms (with all of their Cu, Fe and Zr neighbors) and the longer Zr-Zr bonds®*.
In addition to the smearing of these peaks, the Zr-Zr peak slightly decreases and shifts to smaller

r-values.



Figure S5. HRTEM micrograph of annealed Z2 sample, indicating that there may be some

crystallization as marked.



Supplementary Note

The observed coarsening of the nanosphere dispersion near a shear band is analyzed as Ostwald
ripening, with the intention that the kinetic analysis can yield a value for the effective solute
diffusion coefficient D in the metallic-glass matrix. The kinetics of Ostwald ripening in the case
where the dispersed phase occupies a significant volume fraction has been treated by Marqusee
and Ross>. In the limiting case of zero volume fraction of dispersed phase, the average particle
radius 7 of the dispersed phase increases with time ¢ according to:
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where 7 is the energy per unit area of the interface between the dispersed spheres and the matrix,

V. is the molar volume of the dispersed phase, X ::1 is the mole fraction of solute that would be

in equilibrium in the matrix at a planar interface with the dispersed phase, R is the gas constant
and T is the temperature. Marqusee and Ross show that coarsening is accelerated for finite
volume fractions™, but the effect is well within one order of magnitude and we ignore it in the
present work. The parameters in Equation S1 are largely unknown for the metallic-glass systems

in the present work, and are estimated as follows.

Phase separation has been studied for the Cu-Fe system®, where y was taken to be
0.16 Tm™ for spheres in a liquid matrix and 0.43J m™ for spheres in a solid matrix. In the
present case of a metallic glass, we take y =0.3Jm™>. From the range of values for similar

compositions®’, we take ¥, =11.4x107° m® mol™'. As noted in the main text, Cu and Fe are

the elements principally involved in the phase separation and Fe is concentrated in the



nanospheres. We take Fe to be the solute for the kinetic analysis and take its measured level in

the matrix, ~13%, as an estimate of X :21.

We assume that the coarsening of nanospheres takes place at room temperature (298 K)

throughout the time of plastic deformation, which is 280 s for 7.0% strain at the imposed strain

rate of of 2.5x10™* s™'. The profile in Figure 3b shows that nanospheres with an average
diameter of 3.3 nm coarsen to an average of ~10 nm adjacent to the shear band. Using the

corresponding values of 7 in Equation S1, we solve for D and obtain a value of ~

3x107¥ m? s,
To estimate the associated viscosity 5, we use the Stokes-Einstein relation™:
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where a is an effective atomic diameter or jump distance, and & is Boltzmann’s constant. From

the Goldschmidt atomic radii for Cu and Fe, we take a = 0.256 nm . Then the estimated

viscosity for the coarsening regime is ~6x10° Pa's. The Stokes-Einstein relation is valid for
high temperature liquid melt, and there is evidence showing it is still applicable for the relatively

low temperature glassy solid®” %,

Increased mobility might arise from a local increase in temperature rise. The Z2 sample
was annealed at 573 K (i.e. at 86% of T;) for 30 minutes; this did not result in any detectable
coarsening of the nanospheres, but there may be some crystallization (Figure S5). As noted in
the main text, it is not considered likely in any case that there is any significant temperature

increase. Rather, the increased mobility is interpreted as an effect of homogeneous plastic



deformation at room temperature. It is known that such deformation of metallic glasses can have

a significant rejuvenation effect, increasing free volume and mobility.
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