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Nonlinear mechanical response (ensemble averages)
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Cooling rate-dependent mechanical response
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Mechanical Response to Pure Shear

Athermal, quasistatic “pure shear” at constant pressure



Kob-Andersen binary Lennard-Jones mixtures
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Particle Rearrangement Events

(@)

10

10

-10

|AU (7)]

-5

10

[AU(v)|

° 8701
} Z sr08) AU(YY)
15| LT c |
: S )

0.0846 0.0847 0.0848 0.0849
y

N



Figure 2: Compression stress-time profiles of
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Cylindrical samples, 2 mm in diameter and 4 mm in length, have been compressed along
their 4-mm axis at fixed strain rates and at room temperature, 298 K. Insets show sudden
drops in the applied stress, as the ingots are compressed at various constant strain rates.

These stress drops indicate the occurrence of slip avalanches in the material.

“Tuned critical avalanche scaling in bulk metallic glasses,” J. Antonaglia, X. Xie, G. Schwarz, M. Wraith, J. Qiao, Y. Zhang,
P.K. Liaw, J. T. Uhl, and K. A. Dahmen, Scientific Reports 4 (2014) 4382.



rearrangements Softening
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Rearrangements




Softening
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elastic
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Rearrangements
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Figure 5: Ensemble-averaged (a) rearrangement frequency
(dNy /d~), (b) stress loss per rearrangement (dolces/dN;),
and (c) rearrangement-induced stress loss per (1%) strain
(do1css /dy) plotted versus strain «y for glasses undergoing AQS
pure shear. The glasses were prepared using cooling rates
R = 107" (crosses), 10~2 (plus signs), 10~ (squares), 1074
(upward triangles), 1077 (circles), and 10~% (downward trian-
gles). All data is obtained by averaging over 500 independent
samples with N = 2000.
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Softening
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Figure 6: Ensemble-averaged (a) softening-induced stress loss
per (1%) strain {doy,,./dv) and (b) local slope of the continu-
ous stress versus strain segments (G('y)) plotted versus strain
~ for cooling rates R = 10- (red), 10~ éorange), 1072 (yel-
low), 1074 (green), 1075 (cyan), and 10~° (blue). All data is
obtained by averaging over 500 configurations with N = 2000.
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Figure 7: Ensemble-averaged (a) elastic stress oelastic(7y)
(solid), rearrangement-induced stress loss loss(7y) (dashed),
and softening-induced stress loss oj...(y) (dotted) plotted
versus strain 7. (b) Ensemble-averaged stress (o(vy)) and
the stress ototal obtained by combining the elastic stress,
and the rearrangement- and softening-induced stress losses
(Eq. 3) plotted versus . In both (a) and (b), the system
size N = 2000, and six cooling rates, R = 10~! (red), 10~2
(orange), 1073 (yellow), 10~ (green), 10~5 (cyan), and 10~
(blue) are shown.



Extracting elastic segments fast

slow

(W)

)

=107

0.008 0.01




System-size scaling of rearrangements
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Weak syste-size
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Athermal, quasistatic simple shear at constant pressure
in granular materials
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Figure 1: Jamming phase diagrams in the T = 0 plane.
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a, Original Liu—-Nagel jamming phase diagram’. The boundary between unjammed and jammed regions
is the yield stress line. Unjamming can be induced by decreasing the packing fraction or increasing the
shear stress. b, Generalized jamming diagram including the shear-jammed (SJ) and fragile (F) states.
Along the @ axis, there are two special densities: @g, below which there is no shear jamming, and @,
above which isotropically jammed states exist. For ¢g< @<, jamming can occur with application of
shear stress.

“Jamming by shear,” D. Bi, J. Zhang, B. Chakraborty, and R. P. Behringer, Nature 480 (2011) 355.



1C compression

Shear stress of jammed packings from isotrop

simulation




Jammed packings generated using isotropic compression




Jammed packings generated through simple shear
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Conclusions

* Nonlinear mechanical response stems from rearrangement- and
softening-induced losses

* Both are small below yield stress and increase rapidly near
yielding

* Both contributions remain finite in large system limit

* Identified several signatures of yielding transition

* Develop ability to theoretically predict yield stress for a given
preparation protocol



Reversibility
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reversible, ~ irreversible
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...but the critical strains still tend to zero in large-system limit.
Can we increase strain range over which system is reversible?
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0.005

Cyclic shear can increase strain over which system is reversible
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Finite region of strain where system is reversible
in large-system limit
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Application to high-Q metallic glasses
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Brittle-Ductile Continuum
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G/B

Ratio of shear to bulk moduli
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Add energy drops prior to yield




Conclusions

* Identify precursor events that relieve stress/energy
and make system less prone to failure.
* How do we make simulation samples brittle? Do we

need much larger samples?



