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Three-dimensional model binary glasses produced by quenching from a range of liquid temperatures
were tested in shear over a range of strain rates using molecular-dynamics techniques. Tests were
performed under constant volume and constant pressure constraints. The simulations revealed a
systematic change in short-range order as a function of the thermal and strain history of the glass.
While subtle signs of differences in short-range order were evident in the pair distribution function,
three-body correlations were observed to be markedly more sensitive to the changes in structure.
One particular structural parameter, the number of aligned three-atom clusters, was analyzed as a
function of the degree of supercooling, the strain and the strain rate. The glasses quenched from the
supercooled liquid regime were observed to contain an initally higher number of such clusters, and
this number decreased under shear. Those quenched from high-temperature equilibrium liquids
contained lower numbers of such clusters and these increased or remained constant under shear. The
glasses quenched from the supercooled liquid regime showed higher strength, more marked shear
softening, and an increased propensity toward shear localization. The evolution of this structural
parameter depended both on its initial value and on the imposed shear rate. These results were
observed to hold for simulations performed under both constant density and constant pressure
boundary conditions. @005 American Institute of PhysidDOI: 10.1063/1.1885000

INTRODUCTION porate internal degrees of freedom associated with the struc-
Shear softening is often observed during homogeneoutural changes in the glass. Ideally these internal degrees of

deformation of amorphous materials. A peak in the stressf—sreedom should be related 1o precise and experimentally

strain behavior during loading is followed by a drop in the measurable Cha”?_es in the underlying.gla-ss structure. Oply
apparent strength of the material prior to the steady-statHnder these condltlons_ can such theories inform gnd_ be in-
flow. It has been hypothesized that the same phenomenJﬂrmed by a_dvances in the structural chara_cterlzanon _of
that leads to softening at higher temperatures also caus@@SSy mat?nals such as recent work regarding fluctuation
localization at low temperatureThis behavior is in marked MICroscop 13and_ positron  annihilation lifetime
contrast with crystalline and polycrystalline materials thatSpectroscopy:** While the density or free volume is often
typically harden until failure by fracture. Such softening is cited as the operative structural parameter, we instead quan-
observed in a wide variety of materials including metallictify the medium range order via a measurement of higher-
glasses deformed at high temperafumd a variety of amor- order correlations for reasons that we will discuss in detail in
phous polymeré.The amount of softening observed during OUr conclusions.
deformation depends on the thermal history of the glass, the We consider a simulated binary glass in order to relate
strain rate of the mechanical test, and the temperature #pe structural changes during deformation to the mechanical
which the test is performed. The ubiquity of the phenomenorsoftening in shear. This work may be seen as an extension of
indicates that it most likely arises from a generic feature ofan earlier simulation work by Utet al** that related me-
amorphous materials and their mechanism of deformation. chanical rejuvenation of the glass to a structural change in
A number of important computational studies have beerthe partial pair-correlation function in the underlying inher-
performed to quantify the rate and temperature dependenant structure. In this work we avoid interrogating the inher-
of yield and the subsequent flow behavior in amorphousent structuré>*®because it is typically experimentally inac-
solids?~® In some cases evidence of strain localization hasessible. We also avoid quantifying partial correlations,
also been observed in such simulated systearsj we will  which are accessible indirectly by extracting environmental
briefly discuss similar observations in this work. The goal ofradial distribution function when scattering from a highly
this study, however, is a quantification of the change in struccollimated light sourcé’™*° Instead we choose to examine
ture that accompanies such deformation in the glass. A nunhigher-order correlations in the structure at the testing
ber of theories exist regarding the underlying structural causgemperature. We will show that shear induced changes in
of the softening behavidr®*Typically these theories incor-  structure are clearly evident in this structural signature and
are consistent across both constant density and constant
dElectronic mail: mpalk@umich.edu pressure simulations.
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METHODOLOGY y -
£ = (KB (K Te) - 1], (@)
We have performed molecular-dynami@dD) simula- ) .
tion on a simple model of a binary alloy originally proposed  &ij = dé&; + 2y916j3. (5)
0 . . . P
by Wahnstronf® and since studied in thg supercooled liquid yere the vector position of particle is denoted as ., the
state by a number of other researctéré’ The two Species, momentum as,, the mass asn, and the force on this
which we will refer to as A and B, interact via a Lennard- 4 icle asF,. R, is an arbitrarily chosen origin of the simu-
Jones potential of the form lation cell and{ is a dynamical variable that acts as a time-
12 6 varying viscosity in order to control the temperature in the
bF =4 Jap| _|(Y%ap (1)  Nose-Hoover scheme. The strain rajeis zero during
ij €ap ) . . .
Fij Fij guenching and a constant during the mechanical tests. Dur-

ing simulations at constant volume the dilation rdie set to

wheree .z represents the bonding energy angh provides @ ;¢r0. During constant pressure simulations the dilation rate is
length scale, the distance at which the interaction energy ig dynamical variable, andl evolves according to the

zero. The values of these parameters vary depending Up@yinello—_Rahman scheme according to the equzfﬂons
the interacting species. The length of 8B bond is 5/6 that

of the AA bond, and theAB bond is 11/12 of theBB bond a=2 Y p_p.y )
length, i.e.,oap=0, 0g=(5/6)0, ops=(11/12 0. The bond 7 NkgT e
energies are the same irrespective of the species involved,
i.e., ean=€gg=€ag=¢. The interaction is truncated beyond a 192 18
distance of 2.6 and all interaction energies are shifted by P= 3—\/2 mo 52 Fijrij |- (7)
¢*F(2.50) to correct for the discontinuity that would other- e
wise occur in the interaction energy. TAeatoms have twice  Using these techniques we created our initial glassy configu-
the mass of theB atoms, i.e.,ma/2=mg=m. We take the rations by starting from well-equilibrated samples at seven
mass of theB atoms to be the reference mass scale and thgquid state points with temperatures Bf,=2.0, 0.94, 0.69,
length of theAA bond to be the ref(ﬂme length scale. Thep.63, 0.62, and 04 kg produced by Laceviet al?® In this
reference time scale is therefore oym/e. Temperature will ~ fashion the degree of supercooling in the liquid prior to
be measured in units af/kg wherekg is Boltzmann's con-  quenching is varied systematically. Ten independent samples
stant. at each temperature are instantaneously quenched by rescal-
We simulate a system of 8000 particles using periodidng the velocities to a final temperature of 8/Rg. Subse-
boundary conditions in a cubic box. During simulations atquent to this instantaneous quench we allow the system to
constant volume the side length is set to 18@34dand the relax for a duration of 1@ This aging time is chosen such
density is 1.29673. The onset of supercooled liquid behav- that the potential energy of the system no longer changes
ior in this system at this density is known to occur at ap-rapidly when compared to the rates of energy change typical
proximately T=1.0e/kg; the mode coupling temperature is for the subsequent mechanical te6ts0.1s/7). Longer re-
estimated to beTycr=0.57+0.0k/kg,”® and the Vogel- [axation times of up to 1000were also examined and pro-
Fulcher temperature is 0.48.”* The glass transition tem- duced negligible differences in the resulting mechanical re-
perature  is  typically in the range  of sponse. The rate of aging subsequent to relaxation is less
0.6Tycr<Ty<0.9Tycr,”® and the value of the Vogel- than 6.82<10%/r. The systems are then tested mechani-
Fulcher temperature gives a lower bound for the glass trarcally under a constant imposed shear rate at constant volume.
sition temperature. Thus the glass transition should occur ata We also performed simulations at zero pressure. In this
temperature between 0.51 and G:A&. It is important to  second simulation scheme we bring the system to zero pres-
note that when held at constant volume this system is at gure by expanding the simulation box at a constant rate of
density significantly higher than the equilibrium density at1.5x 1074, i.e., constantd in Eq. (5). Once the pressure
atmospheric or zero pressure. Therefore, the glass transitigaaches zero, the system is allowed to relax for X0&0d
temperature is elevated relative to that of the low-pressurénen the shear test is performed. At the end of this relaxation
system. We utilize this high-pressure system in order to prothe rate of change of energy is 4.2208/r. Since the
vide simulations that can be directly related to the previouspressure is maintained at a constant value during these simu-
studies of this system cited above. lations, the volume of the simulation cell and hence the den-
In the simulations we employ the standard nonequilib-sity both change during the course of the simulation.
rium MD techniques. The simulation cell is allowed to shear
using Lees—Edwards periodic boundary conditih$or  Simulation results: Mechanical behavior
simulations at constant volum@ensity we employed the

SLLOD equations of motidi®22 which can be rewritten as In the first set of mechanical tests samples were instan-

taneously quenched into the glassy solid state from a range

P . of initial liquid temperatures, as described above, and
rn:H"'S(rn_RO)a (2)  sheared under constant volume conditions. The resulting
n stress versus strain curves are shown in F{@).1Some of

these results were previously reported by the authdost
pn=F,—(g+1)py, (3 are presented here for completeness. For each simulation, ten



154508-3 Shear softening in a binary glass J. Chem. Phys. 122, 154508 (2005)

T | T | T | T | T 30 T T T T T T T T 0-9
— 08 — L —
Q @ 25 0.8 =
£ 0.6 -
P 2 | 07 %,
1) = =)
o 220k 5
&a 04 = 0.6 2
g g I 3
0.
,}::) 0.2 5 15 * 0.5 =
b L L 64

1 1 1 1 1
04 06 08 1 12 14 16 18 2
Ty, e/

FIG. 2. The shear modulus and strength, or maximum stress, of the glasses
tested at a strain rate of 10! as function of the temperature of the liquids
prior to quenching. The modulus and strength decrease as the precursor
liquid temperature increases. The vertical line denotes the mode coupling
temperaturely,cr.
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guenched from high-temperature liquids and approaches the
steady-state value within approximately 5% strain. In the
glasses quenched from liquids neaycr, the pressure
changes much more gradually and the dependence of the
pressure on the initial condition persist even out to 25%
strain. This persistent history dependence provides evidence
for a measurable structural difference even between glasses
that have converged to the same shear stress in Fay. 1
Another significant diffference between the glasses quenched
i ) from the higher temperatures and those quenched from near
0 0.05 0.1 0.15 0.2 0.25 Tuer is that for the former the most dramatic changes in
Strain pressure occur at low strains prior to softening, while for the

FIG. 1. Results of tests performed at constant strain rate in simple shear L?.ttel’ Changes IN pressure occur before and durmg shear soft-

constantNVT. Each curve is an average of ten independent samples thaeNINg and continue in the approach to Steady'State flow.
were quenched instantaneously from the same liquid temperature to The same samples were also relaxed to zero pressure

IT':def/ kg priotr to the %hea; E)esésgit S gga(i)%;atg g;“mla T;}; iniTtihal using the procedure described in the previous section and
lquia temperatures were;;=2.0, 0.94, 0.69, 0.64, 0.6Z, an . e H . H
e?ror barspon th§|iq=2.0lgnd 0.6/kg curves show the sample-tg-sample sheared while the pressure was held constant. Again ten in-
standard deviation in the data. The graphs skiamshear stresgb) pres- ~ dependent samples were quenched and error bars were de-
sure,(c) the number of aligned bonds as a fraction of the number that wouldived from the sample-to-sample variation. Figuréa)3
be expected assuming‘a‘n isotropic distributﬂgray symbolg and the per-  shows the mechanical response from the two extremes of
cent of atoms that exhibit short-range icosahedral ofdpen symbols liquid temperatures prior to quenchin@i,q =0.6 and 2.8/ks
tested afT=0.2:/kg. The mechanical response is similar to
independent samples are tested and the error bars reflect tigt shown in Fig. 1 leading us to conclude that the observed
standard deviation from the mean value due to sample-teshear softening behavior is not an effect of the high pressure
sample variation. These curves share some common features. the costant volume simulations. The constant pressure
In each of them there is an initial apparently linear stresssimulations exhibit a higher apparent shear modulus and a
strain response at low strains. From the slope of this lineahigher strength. This is most likely attributable to the struc-
regime we can extract the apparent shear modulus. FiguretBal changes that occurred during the expansion to the zero
shows that the shear modulus ranges from 240 for the  pressure and subsequent relaxation, as a strength increase
glasses quenched fromy,=0.6e/kg to 13.6/0° for the  with increasing pressure has been observed in recent simula-
glasses quenched from;=0.2:/kg. The strength of the tion studies’” As with the constant volume calculations at
samples, the maxima of the curves, is also higher for thetrains larger than 15%, all the samples approach the same
glasses quenched from lower temperatures £.86 vs  steady-state flow stress within the error bars. Examination of
0.5& /02 for the glasses quenched from high temperaturethe density versus shear strain curves shown in Fib), 3
Dramatic changes in both these quantities correspond to tHeowever, reveals that the density remains measurably differ-
approach to the mode coupling temperature. For strainent. In each system density relaxation occurs both during the
larger than 15% all the samples approach a common steadgeftening and the preceding apparently linear stress-strain re-
state flow stress as observed in other stutifes. sponse of the system. Even after 25% strain they do not
Figure Ib) shows the pressure versus strain for each ofonverge to a common steady state.
the constant volume shear tests. The initial pressure of the The z component of the deviatoric shear stresg,
sample depends strongly on the temperature of the quuid::—lg(Zazz—aXX—ayy), was also quantified for both constant
prior to quench. During the imposition of shear the pressurg@ressure and constant volume simulations because this quan-
approaches a steady state. The pressure drops in glassiyg is related to the “normal stress” that is oftentimes used to
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3 # T=0.2s/kg prior to the shear test. The initial liquid temperatures wggg
En 1.4 — =2.0 and 0.6/kg and the strain rates are, respectively;310L0%, and
B 1075771, The error bars show the sample-to-sample standard deviation in the
< . | | | | | ) | . data for two of the curves. The graphs sh@ythe shear stress arth) the

0 0.05 0.1 0.15 02 0.25 number of aligned bonds as a fraction of the number that would be expected

Strain assuming an isotropic distribution.

FIG. 3. Results of tests performed at constant strain rate in simple shear : _

constantNPT. Each curve is an average of ten independent samples thaﬁéwer temperatures than for those quenChed from hlgh tem

were quenched instantaneously from the same liquid temperature tB€rature. The approach to the steady-state stress differs de-

T=0.2:/kg prior to the shear tests at a strain rate of40". The inital ~ pending on the temperature from which the glasses were

liquid temperatures werd&;;=2.0 and 0.6/ks. The error bars show the quenched. The glasses quenched ff'thF 0.6e/kg exhibit a

sample-to-sample standard deviation in the data. The graphs @dhe . . .

shear stress(b) the density, andc) the number of aligned bonds as a shear SOftGI’]If_]g_ behav_lor while glasses_ quenChed fr

fraction of the number that would be expected assuming an isotropic2.0e/kg exhibit elastic perfectly plastic behavior at all

distribution. shear rates. For strains larger than 15% all the samples ap-
proach a common flow stress. This steady-state value is sen-

del lex rheol We noted a ch f sitive to the shear rate. At a shear rate of%&0! the flow
model complex rneology. Ve noted a chang&21rom z€ro — yeqq is 0.7/0 vs 0.6/ at a shear rate of 16! and

to —0.0210.905/03. We are not able to present meaningfu! 0.55/ at a shear rate of T8
data regarding how the normal stress changes as a function
of strain, however, due to limited statistics.

The samples that were previously sheared under constaffimulation results: Structural characterization
volume conditions were further analyzed to study the influ-pPair correlations
ence of the shear rate on the mechanical behavior. Ten inde-
pendent samples, quenchedTte0.2s/kg from liquid tem-
per?tures of 2.§land ZEQKB’ were sheared at rates of 20 tion of the positiorr, p(f)=X2,8(F-r;). The pair-correlation
10%, and 10°7*. The influence of the shear rate on thef L .

. ) R function is defined as

mechanical response of the samples is shown in Fig. 4. As in
the previous tests a linear regime is observed at small defor- N NN L.
mations(less than 5% strajnThe apparent shear modulus is ~ 9(F) = J dr’p(r")p(r +1") = 2 2 A(F = ). (8)
not sensitive to the shear rate, but it is significantly higher for =1 =1
the glasses quenched frofg, =0.6e/kg than for the glasses The pair-correlation function measures the probability that,
quenched fronT;,=2.0e/kg. The stress increases to a maxi- given an atom at position’, there is an atom situated at
mum strength before approaching the steady-state value pbsitioni away. We have analyzed the system to determine if
large deformations. The maximum stress prior to softenin@nisotropy emerges ig(r) as a function of strain, and we see
decreases and occurs at smaller strain as the shear ratenis evidence of emerging anisotropy within the limits of our
lowered as observed in other studfésAt all shear rates, the statistics. Assuming an isotropic system we radially average
maximum stress is higher for the glasses quenched frorthe correlation function so that it depends only on the scalar

We consider a system & atoms with positions; oc-

cupying a volumeV, and we define the densigyas a func-
N
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distancer =|r] between two particles. We also normalize the SR L L B T, [e/k;]
function such that in the limit of largethe function tends to 3
unity, i.e., -
2 —
r+Ar g(r) :
f r2drfng(F) 1=
r
g(r) = - : 9 i i
_[(r+Ar)3_r3]2V ot d by by by by by g o |
3 Po 0005 1 15 2 25 3 35 4

r [o]

Herer, is the number density of atoms in the sample &d FiG. 5. The radial pair-correlation functiorg(r) at T=0.2:/kg for the
is the sample volume. The thickness of the spherical shell iglasses quenched frofi},=0.6c/kg and Tjq=2.0c/kg.
which the atoms residé\r, gives an indication of the coarse
graining of our average.

The graph of the function defined by E®) is reported

Three-body correlations

In order to obtain deeper insights into the medium range
in Fig. 5. The values of(r) are averaged over ten indepen- order in the system, we consider higher-order correlations.
dent samples for the glasses quenched filgF0.6s/kg We define the three-body correlation function, based on the
and T;;=2.0e/kg to Tj;;=0.2¢/Kg. The two graphs differ in local densityp as
the second peak shape. The first peak and the first minimum . O,
occur at the same values nf The location of the minimum 93(ry, M) = | dr p(r")p(F" +F)p(I" + 1)
was used to determine the near-neighbor distapgel.3o

used in the following analysis. The second peak is slightly N N oo

split for the glasses quenched from near Thgr providing =. E E Oy = Fy) 8(F2 — Fiy), (10
a first indication of a structural difference between the =R LA

samples quenched from different temperature liquids. and we investigate the quantity

"nn fnn 27 6+A0
f ridrlf dﬂlf I’%dl’zf d(sz d02 Sln 0293(F1, Fl + Fz)
0 0 0 0

g3(0) = p : (11)
§ﬂ2ngrﬁnA0 sin g

0s(6) measures the probability that, given an atom at positiorshearinggs no longer exhibits any statistically significant

r, and a second atom at positiopwithin the near-neighbor sign of structural difference between samples quenched from
distancer,,, there is a third atom at position; within the  different temperatures.

cutoff radiusr,, from the first, such that their bonds form an Although gs(#) appears to change systematically over a
angle 8 between them. Under the hypothesis of smdallwe  range of different angeles, the value @f(6) around 180°
have normalized Eq11) such that it evaluates to unity in a appears to be the most sensitive to structural differences. We
uniformly distributed medium. undertake further analysis focusing on the behaviog-08)

The graph of the function defined by EdJ) is reported  for angles between 165° and 180°. We define the “aligned
in Fig. 6. Averages over ten independent samples are showsonds,”gz(7), as triplets of atoms, within a cutoff radiug
both for glasses quenched from the supercooled liquiddrom each other, positioned such that their bonds form an
(Tig=0.6e/kg) and for glasses quenched from high-angle between 165° and 180°. The valuegefm), normal-
temperature liquid$T,,=2.0e/kg). The two graphs share a ized by the expected number of triplets if bond angles were
first maximum at a value ofl near 58°, a second maximum evenly distributed, can be used to monitor changes in the
at a value off near 110°. For angles larger than 160° themedium range order in the system. In Fig&)land 3c) we
three-body correlations diverge from each other. This diverreport the strain dependencegaf ). This analysis provides
gence exceeds the error bars, which are reported every 5° fapnsistent results for both constant volume and constant
angles larger than 160°. These observations indicate that thgressure simulations and shows markedly different trends for
most significant differences in the angular correlations of theglasses quenched from,=0.6e/kg andT,i;=2.Ce/kg. In the
as-quenched samples occur for valueg afound 180°. The former case we observe a decreasg4fw) for the simula-
gs(0) changes significantly after the samples undergo 25%ions conducted at constahtVT and constaniNPT, in the
shear strain at constafVT, as shown in Fig. (b). After latter case we observe an increase in the valugs@af). All
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1.5 ages are taken over ten independent samples. All shear rates
share the same qualitative features; the fraction of aligned
bonds is higher for glasses quenched frop=0.6e/kg than

1 for glasses quenched from,=2.0e/kg. The approach to the
g3(9) steady state depends most sensitively on the liquid tempera-

ture from which the glasses are quenched. Changes in shear
rate appear to alter this behavior quantitatively but not quali-
tatively, exhibiting a higher aligned bond fraction in steady
state at lower strain rates.

Given the apparent connection between the bond align-

0.5

T [e/k,] Strain

151 " l— o6 0% (b) ment and the mechanical state of the glass it is reasonable to
- _ (2)(6) 2(5)3’ ask why the bond alignment might be changing in this way.
S . (%

One possibility is that shear induces anisotropy and that
bonds are reorienting relative to the shear. Analysis of the
g0 L | , orientation of these aligned bonds that contributegiorm)
| /\\ o was undertaken to determine if shearing promoted alignment
0.5= [ \ / \// along preferential directions. No evidence of alignment was
L u observed. Another potential cause of the change in bond
" Ol Ll align_ment is the emergence of a_partigul_ar topological strl_Jc-
40 60 8O 100 120 140 160 180 turc_a in the glass. One likely candldate_|s icosahedral _ordt_armg
which has been observed to play an important role in simu-
lations of the dynamics of monatomic supercooled
FIG. 6. (Colon Three-body correlation functions(6). Each curve is an  liquids3*~>*We analyzed the degree of icosahedral topologi-
o S o e B 3 ot o S, O BY countng the number of toms wih exacty 12
initial liquid tempqeraturespweré’nq:2.0 and 8.g/kB. The error bars show near neighbors in the glasses quenChe_d, fmiHFO'G and
the sample-to-sample standard deviation in the data. The two graphs shoa-0e/ kg sheared under constaVT conditions. These re-
the calculated valuég) prior to the shear test an@) subsequent to under-  sults are shown as the open symbols in Fig).IThere is an
going 25% strain. apparent correspondence between the number of aligned
bonds and the degree of icosahedral order.

- 0,
25 giiar to nearly coverge to a steady-state value at 25é’imulation results: Evidence of localized deformation

Figure 4b) shows thegs(w) values for samples that For the samples that were instantaneously quenched and
were sheared at rates of 01074 and 1037 1. Again aver-  sheared under conditions NV T at T=0.2:/kg, we analyzed

= 20 25%

0 [Degrees]

0% 40%

12.5% 15% 17.5% 20%

FIG. 7. (Colon Local shear strain in the shear plane of a system with an imposed strain rat¢of 10his system was quenched frofp, =0.6e/kg. Images
were generated at different nominal strains.
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12.5% 15% 17.5% 20%

FIG. 8. (Colon Local shear strain in the shear plane of a system with an imposed strain ratéof-10his system was quenched frofp, =2.0e/kg. Images
were generated at different nominal strains.

the local shear strain using the method developed in oudentaion in a two-dimensional model glass undertaken by
previous investigation%.‘l’ he computed local strains during one of the author®® Since the initial structural state, and not
shear for samples quenched from the highest and lowest liggimply the composition, is important for predicting the me-
uid temperatures are shown in Figs. 7 and 8. The pictureshanical response of the system it is critical that methods be
show a slice parallel to thgz plane of a periodic system developed to quantitatively characterize the structural state.
undergoing a translation of treboundary in thex direction The most commonly proposed structural determinants in
using the Lees—Edwards method. In each image the red imetallic glass and amorphous polymer systems are the den-
dicates the lowest shear strain while the yellow indicates thgity and the free volume. Density is straightforward to mea-
highest. These data reveal strikingly different behavior in thesure, but it is insufficient to quantify structure in systems
two systems. In the glass quenched frdig=2.Ce/kg (in held at constant volume since, as evidenced by the above
Fig. 7) a disordered but nearly homogeneous strain distribusimulations, two systems with the same density may have
tion is observed with the majority of system exhibiting a quite different structural states. Measurements of the free
strain near the mean for the entire sample. The systemolume are more difficult since, like analogous measure-
quenched fronT;;=0.6e/kg (in Fig. 8 shows markedly dif- ments of vacancies in crystaisdirect free volume measure-
ferent behavior. By 5% the strain has localized along aments in amorphous materials require simultaneous indepen-
z-directed band while the majority of the system remainsdent measurements of the change in near-neighbor separation
only modestly deformed. Between 10%—-20% strain most ofndicative of elastic effects and changes in voluth@he
the deformation occurs in a secordlirected localized band. |atter can be difficult to discern, particularly in complex al-
These images show initial indications that localization injoys where partial correlations may be needed to accurately
this system is sensitive to the thermal history of the glassdetect changes in the peak position. By considering a higher-
Glasses quenched from low-temperature liquids that exhiborder structural signature, i.e., the angular correlations, we
ited a high initial medium range ordegs(w), that decreases have been able to identify a single measurement that is sen-
during shear both under constant volume and constant presitive to the changes in medium range ordering in these sys-
sure conditions, also deform in a localized manner. Glassegms, the number of aligned bondg().
quenched abruptly from higher temperature liquids exhibit |0 addition to arising from a single measurement, the
less medium range order and homogeneous deformatiog,() parameter also appears equally applicable to constant
This result emphasizes the importance of the initial structuralolume, constant pressure and, by extension, systems under
state of the material in the mechanical instability that leads tgeneralized loading conditions. Across all simulations it was
localization. consistently seen that shear softening and localization only
arose in systems in which the medium range order as quan-
tified by gs(7) was decreasing with strain. This is consistent
with a number of theories of the softening phenoméﬁ’on
The simulations presented here provide evidence that thend is also consistent with the conditions that would be nec-
initial structural state of the glass, as determined by the theressary to precipitate a localizing instability.
mal history of an as-quenched sample, determines the degree Particularly interesting is the observation that a signifi-
to which shear softening and localization will arise duringcant amount of the restructuring that occurs in these simula-
deformation. This is in keeping with simulations of nanoin-tions takes place prior to flow, i.e., before the peak in the
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