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Athermal nonlinear elastic constants of amorphous solids
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We derive expressions for the lowest nonlinear elastic constants of amorphous solids in athermal conditions
(up to third order), in terms of the interaction potential between the constituent particles. The effect of these
constants cannot be disregarded when amorphous solids undergo instabilities such as plastic flow or fracture in
the athermal limit; in such situations the elastic response increases enormously, bringing the system much
beyond the linear regime. We demonstrate that the existing theory of thermal nonlinear elastic constants
converges to our expressions in the limit of zero temperature. We motivate the calculation by discussing two
examples in which these nonlinear elastic constants play a crucial role in the context of elastoplasticity of
amorphous solids. The first example is the plasticity-induced memory that is typical to amorphous solids
(giving rise to the Bauschinger effect). The second example is how to predict the next plastic event from
knowledge of the nonlinear elastic constants. Using the results of our calculations we derive a simple differ-
ential equation for the lowest eigenvalue of the Hessian matrix in the external strain near mechanical insta-
bilities; this equation predicts how the eigenvalue vanishes at the mechanical instability and the value of the

strain where the mechanical instability takes place.

DOI: 10.1103/PhysRevE.82.026105

I. INTRODUCTION

Many phenomena occurring in elastic materials, such as
plasticity, fracture and shear banding were traditionally stud-
ied assuming that the framework of linear elasticity can be
employed to describe the dynamics of the evolving systems.
Recently it became clearer that this is not a good idea; close
to the fracture tip, where the stress field tends to diverge, or
near a plastic instability, where the shear modulus diverges
toward —o, nonlinear effects become crucial if not dominant
[1-3]. Moreover, recent studies indicate that nonlinear elastic
moduli play an important role in the memory that amorphous
solids exhibit of their loading trajectory [4]. The well known
Bauschinger effect can be explained as a result of the growth
of the second-order elastic modulus which is identically zero
in an isotropic amorphous solid. It becomes therefore neces-
sary to present a microscopic theory of the nonlinear elastic
constants to the aim of computing them in numerical simu-
lations. The present paper has in mind athermal quasistatic
simulations, a subject of high-theoretical interest for which
there had been great recent progress in understanding the
range of phenomena observed, including a variety of scaling
laws and the emergence of subsequent scaling theories [5-9].
Interestingly, the finite-temperature counterpart of the theory
presented in this paper is available in the literature, but it is
not quite obvious how to extract from it the athermal limit.
We will show below that indeed the thermal theory con-
verges to our theory when 7— 0.

The structure of this paper is as follows. In Sec. II, we
present the derivation of the athermal elastic constants. In
Sec. III, we present a brief review of the thermal elastic
constants; the latter are scattered in the literature, but it is
worthwhile to present them here in a compact and consistent
notation. In Sec. IV, we demonstrate that the limit 7— 0 of
the thermal elastic constants reduces properly to our results
in Sec. II. Finally, in Sec. V, we demonstrate the usefulness
of our results in the context of the plasticity induced memory
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of amorphous solids and in predicting mechanical instabili-
ties.

II. DERIVATION OF THE ATHERMAL NONLINEAR
ELASTIC CONSTANTS

A. Definitions

We denote the v component of the position of the ith
particle as x’;,; in the following Roman characters denote par-
ticle indices, and Greek characters denote Cartesian compo-
nents. Given a linear transformation of coordinates x'
—H,x', the resulting displacement field is u'=H,,x' —x'.
The strain tensor is defined up to second order in the deriva-
tives of the displacement field as

1({du, Jdug Jdu,du,
e e ),
2\dxg  dx, Ix,0xg

where here and below repeated indices are summed over,
unless explicitly indicated otherwise. In terms of the trans-
formation H, the strain tensor is

0 | =

€ap (HZVHV,B - 5aB) . (2)
The displacement field in the definitions Egs. (1) and (2)
should be understood as taken with respect to the actual con-
figuration, which may be arbitrarily deformed; the identity
of the undeformed isotropic reference state is of no interest
in the following derivation.

The free energy F is defined in terms of the partition
function Z as F=-T log Z, where

Z= f dpdge™®'T, (3)

and E=U+K is the sum of the potential and kinetic energies
of the system; p,q are the momenta and coordinates of the
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particles. We expand the free energy density F/V up to a
constant, again with respect to the actual configuration, in
terms of this strain tensor

~ 1~ 1~
FIV= C?ﬁeaﬁ+ ECE‘BV”GQBGW+ gC?B"”Kxeaﬁewe

KX?
(4)
where
Cob = 17 Fapn_ 1 _PF
V deyp o 2 V depde,, o
- 1 PF
C?B“”"Xz I —— . (5)
V depd€,,0 €| =0

In the athermal limit 7— 0 the free energy F reduces to the
potential energy U, then the expansion Eq. (4) reads

1
lim F/V=U/V=C{Pe,pz+ Ecgﬁweaﬁey,,
T7—0

l apr
+ gC3B "X € o €1y (6)

with the coefficients

-1 aF
C =1im C{#= —lim —|
T—0 V10 d€ug | o
_ 1 v
5P = lim C§P*7= —lim ———|
T—0 V10 d€u50 €, | e
L= 1 >PF
C3P"™X = lim C{P""™X = —lim ——— | . (7)
i T—0 V10 0€,50 €,,0 € | o

Taking the limit 7— 0 of free-energy derivatives is equiva-
lent to taking the same derivatives, but of the potential en-
ergy, while satisfying the constraints f=-VU=0 [10]. In
other words, the meaning of constrained derivatives is that
variations with € keep the net forces at zero, i.e.,

J
— such that f=-VU=0. (8)
Jde
We denote these constrained derivative as aie > then
s LU | gy 1 PU
! V de ) 2 V de,zd€ ’
afp lf af vy L fif
ngﬁvnkx: l L , 9)
1% &Eaﬁ& 6,,,16’ EKX fff

where derivatives in the above expression should be under-
stood as taken at e=0. Satisfaction of the constrained deriva-
tives is achieved by allowing for an additional displacement
field X to the imposed one, which we refer to as the nonaffine
displacement field. So, upon imposing a deformation via
some transformation H, the total variation in coordinates can
be split into a sum of two terms
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Xy — Hoptg+ X, (10)

where the X'’s are added to the imposed deformation to sat-
isfy the constraint Eq. (8). The physical meaning of this pro-
cedure is that the derivatives are always computed after
minimizing the energy. The original deformation brings the
system away from a local minimum on the potential energy
surface and the minimization amounts to an additional non-
affine displacement which must be taken into account. Note
that the nonaffine field can be found explicitly [5,11], in
terms of potential energy derivatives, and this is a part of the
derivation below.

B. Nonaffine velocities

The constrained partial derivatives with respect to strain
can be written as

J
ﬁeaﬁ

d
— (11)
10X,

o, X,

f afalg 0—'60,/;

where partial derivatives with respect to strain should be un-

derstood as taken at constant X, and partial derivatives with

respect to coordinates should be understood as taken at con-
xi

v

stant €. The quantities - Sl can be calculated by demanding
that the constrained derivative of the forces vanishes, i.e.,

:f—f; =0. We use Eq. (11) and write
af, af.  oxi | of
S| J e, Xl e (12)
d€uply € Je€upl|piX),

We identify the first term on the RHS of the above relation as
the (negative of the) mismatch forces Ei{aﬁf—;—fjﬁzﬁgﬂ,
which can be calculated explicitly from the potential energy
[11]. Notice that derivatives at constant € can be equivalently
taken with respect to the coordinates x', or the nonaffine
displacements X', following Eq. (10). The mismatch forces
arise due to the imposed affine deformation, before the ac-

tion of nonaffine correcting displacements. The second term

on the RHS of Eq. (12) contains the derivative ;Xj =—%
=-H" , which is the negative of the Hessian. Using these
definitions of the mismatch forces and the Hessian, Eq. (12)

can we rewritten as

X’
EaptHL, —| =0. (13)
I€ap
We now define the nonaffine velocities V’;QBEE% /> Which
can be calculated by inverting Eq. (13):
: X, .
Vlkaﬂ = = == (H_l)ZVEJva,B’ (14)
Ieaply

Notice that the Hessian is not generally invertible due to zero
modes that arise from the translational invariance of the po-
tential energy [10]; to overcome this we expand the RHS of
Eq. (14) in eigenfunctions of the Hessian [5]
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-> —M);H “E ()
j.L 4

V’Kaﬁ: (]5)

where (:,be){, is the v component of the jth particle contribu-
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C. Nonlinear athermal elastic constants

The third order elastic constants C"‘ﬁ’””‘x are given by

v s evaluated at e=0; we first note that [10]

‘(75 (95 20€ap

tion to the €th eigenfunction, \, is the corresponding eigen- B 1 90U
value, and the sum over ¢ should not include the zero modes. ¢\"= ‘_/ g€’ (17)
With the definition of the nonaffine velocities, the con- B
strained partial derivative Eq. (11) reads and
a J .0 1 JFU
— | =+ Vs (16) CyPrn = —( + V’gyn_gaﬁ> (18)
(9€a'3 f &eaﬂ aXV \% (?GV”(?E
which is the form that will be used from this point on. We carry out the next order constrained derivative
|
FU J ] FU _—
. . =\ ox i I\ 5o ot V,{Vn:’@ﬁ
J€,y 0 €,y €ap fff €y 0XYy) \ €, 0 €ap
_ ;U ‘ﬂ’y{vnw' 0B, i FU i V’(V"/'—'j JIE
- + Stapt Vlivn + VﬁKX i + VGKX i Srap™t VGKXV/(VW i
D€y €y d €qp D€y, €,y X0 €,,0 €4p Xy o7X
(19)
We notice now that according to Eq. (16)
Ve, Vi W@”:? _ V| o (20)
De LB TV gyt Slap= e | Siap
Also #ﬁj,ﬁm %é—;ﬂ with these relations, Eq. (19) becomes
FU PU % : = =Y =
= + Eliaﬁ + V]{Vn ey V(?KX Ly Hkxvévv i (21)
J€y D€yl €nplypy €y €, d€ug  JE |y €y J€up (9X
|
gle above expression requires knowledge of the quantity g™, . 0—,::;1& H’% V] Ly ﬁHmJV]
ZV e for which an explicit expressmn is unavailable, but D€y (9X10 (96 af ™ Y oy X',
can be obtained by demanding -~ — e, |f =0: . o"V’;mB
+H —E| =, (23)
_ Jd ﬁf:’ _ J ( ) ' (?GKX f
€y |y O€aply €|y vap + Mo ”“ﬁ
= ' : L B
_ 0:’17015 IHy, Y , With the identity 7 —%—%‘—a—;ﬁ we invert Eq.
deey |y e Iy ™ 23) to 177_5
get an expression for |f
oV
+H, a—”“ﬁ =0. (22)
GKX f j —_ — —
. Voos| __ (H_l)_,-m( Bhes vy ey B
ow, Iy | T\ d€g "N axi, " ox),
aEZ’aB - a‘-’vaB V’g aE:’aﬂ . &H’:}g
(96KX f aEKX KX &Xl + Vl&x)( ﬂX% o - (24)
aHy | IHY ITHy
dew, f= dew, 5% oxi Inserting this relation back in Eq. (21), together with Eq. (14)

With these Eq. (22) becomes

we arrive at the expression for the athermal third order elas-
tic constants
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CLPVIRX = ! L + Vi, WV L
VI deg e, dey P PNoxX, 9XL o X!

_§_2( ‘“ £}

+ Vﬁaﬁvlivn &X' ﬂvnvlékx (7X’

—

(9»—1
_M el €194
+VIHKXVI§V"7 (9Xl V{aﬁ e, Vlf‘”? Je B
+V, g | (25)
X de,,

III. THERMAL ELASTIC CONSTANTS

The derivation of the thermal elastic constants, in contrast
with their athermal counterpart, can be found in the litera-
ture, see for example [11,12]. Here we provide a brief review
of the thermal elastic constants up to third order.

The elastic constants at finite temperatures are given by
derivatives of the free energy with respect to strain, see Eq.
(5). With the expansion of the total energy E=K+ U, K being
the kinetic energy, up to third order in the strain

1 1
E=E,+ E?'Beaﬁ + EEgB"”eaﬁem + gE?BW’KXeaEe,,,]eKX,

(26)

and the notation AA=A—(A), the thermal elastic constants
are

~ a1 1 1
CP=—(EP), C3P7=— [ ESP"Ty — —(AE{PAEY” ]
i =ED y| (B2 - (AETTAEY)

(AESPAEYTAE)
T2
_(AETPAES™)  (AE{TAESP)
T T
(AEXAESPY7 }
——

~afBrnk, 1 afvnk
ngﬁ "X:‘—/[<E3ﬁ XY 4

(27)

Explicit expressions for kinetic energy derivatives with re-
spect to strain can be found in [11].

IV. T—0 LIMIT OF THERMAL ELASTIC COEFFICIENTS

We first work out a general expression for the low-
temperature expansion of the mean of any quantity A(x),
which depends only on coordinates; we start with the defini-
tion

1 1
Ay = ZJ Ae M dpdg = zj Ae Y4q, (28)
0 c

where Z,=[e™V"dg. With the notation &\, =x'-%., we ex-
pand A around some local minimum X, up to fourth order in
coordinates
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- 0A ;1 Py
A=AX)+ — | o, + ——| &,
e 2 9x), 0%, |
1 PA o
+ = ﬁ 5)611}5)01775)62
6 dx; dx), 0x, | &
1 FA o
+ — T - i 5x'V5xJ”5x§5xZ' +
24 oxy dxp dx, dx, | &

(29)

We now expand the potential energy up to fifth order in
coordinates around the local minimum X, with 7, M, QO de-
noting the third, fourth and fifth order derivatives of the po-
tential energy with respect to coordinates, respectively,
evaluated at x:

U= U+ H” 8, 8] + Tﬂgﬁx &) 8

1 ijlm o i i o € o m
+ — M, 750x, 0, 0x, Oxy

24
1
+ T Qa8 B O, (30)

where the first order term vanishes since - |x 0 for every
x'. At low temperatures the virial theorem insures that the
second order term in the potential energy expansion is pro-
portional to 7, hence the third, fourth and fifth order terms
are of higher order in temperature; thus, in the athermal
limit, we can expand the corresponding parts of the Boltz-
mann factor:

724
e UT = [U<f>+<1/2mz,,axyaﬂ,,]/r[1 Ty, 0,8

6T
B M%Z"oﬁx’;ﬁx’ g5x§5xi£’ ~ Q%g’&é‘xi&’;}éx Sy &x
24T 120T
vaf,,ﬂ’;’;’;ﬁx & 5x(5x216x"’5xq an
7277 '

We have omitted the other sixth-order term since it does not
eventually contribute to the temperature expansion of (A).
Inserting the above expansion and Eq. (29) into Eq. (28), we
carry out the Gaussian integrals to obtain the low tempera-
ture approximation of the equilibrium mean of A up to terms

of O(T3):

(A = A(®) + g[’H“ CAL-HT T HT AL

T2 1 1
+ &[67{ . Axxxx “H

—20HT T (HTHTY) - Ay,
“3H'THT AR M-H!
—6(’H"1’H‘1)~ Q- H! CA,
-R2HAHT MK
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—40(H T (R T H (R ALY,
(32)

where A,, A,, etc. denote the tensors of first, second etc.
derivatives of A with respect to x. Using this expression, we
derive relations for fluctuations. Assume that also B and C
are functions of coordinates x; with the definition AA=A
—(A), we have

AAAB 1
< T > = E[A'x'H_l'Bx+Bx'H_1"A'x]+O(T),
(33)
and
AAABAC
<T—2>=’H_1~Ax-cxx-7'£_l~3x

+H B A HT-C,
+H_1 'cx'Bxx",-t_1 'A'x_(H_l Ay)
X(H-BY)HT-C)-T+O(). (34)

In this section we will make use of the following definitions:

U
Uy=U(e=0), UP=—| |,
aeaﬂ e=0
UrZIvaE i ,
(96,,7](961113 =0
3
UgBVﬂKXE (}—U ,
: €y 0 €, 0 €ap | =0
oK
Ko=K(e=0), K{f=—| (35)
aeaﬁ e=0
capm— K
2 9
(96,,,](96aﬁ =0
Kgl,BWIKXE L ,
aek)(&evno”eaﬁ e=0

Ey=Uy+K, EP=UP+K{",

E;BW? — U;VBW?_,_ Kgﬁvv,

apvikx — rraPvikx afvmry
E3 = U; + K3 .

A. First-order elastic constants—athermal limit

The first order free energy derivative with respect to strain
is given by [see Eq. (27)]

oF
ﬁealg

=(ESP) = (U + K$Py = (UPy + (K?P).  (36)

In the athermal limit the kinetic term vanishes and following
relation Eq. (32) we are left with
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U
lim(E®P) = lim(U{#) = —
T—0 T—0

(37)
ﬂﬁaB

x

From here the athermal limit of the first order elastic con-
stants is

, (38)

in agreement with Eq. (17).

B. Second-order elastic constants—athermal limit

The second order free-energy derivative with respect to
strain is given by [see Eq. (27)]

>PF

1
———— = (E$P"Ty — —(AE{PAE]T). 39
T e T OEPE. (9

The first term is (Egﬁ””>=<U§‘B””>+<K§EV”>; in the athermal
limit the kinetic term vanishes, and following Eq. (32) we
are left with

_ < FU > FU
lim =
70\ J€,,d €, J€,yd €qp

The second term in Eq. (39) is

(40)

X

(AESPAEYT) _ (AUSPAUY™ + (AKSPAKYT)
T T

>

since all mixed terms involving products of kinetic energy
and potential energy derivatives cancel. The second term of
the RHS of the above relation is proportional to 72, so we are
left with

1 1
lim—(AESPAEY™) = im —(AUSPAUY).
r—oT 7—o0T

Using the relation Eq. (33) and definition Eq. (14), we obtain

1 1 ... L
lim—(AUPPAUY") = ST oK) E,

70T KX xvn
=i —1\ij =j __ ) =i
+ B M) Evapl = = VyapZon
(41)
Finally
~ 1 FU S
lim CgP77=—| —C——| sV = | (42)
T—0 V| de,deag| s  XTXT

in agreement with Eq. (18).

C. Third-order elastic constants—athermal limit

The third-order free-energy derivative with respect to
strain is given by [see Eq. (27)]
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T 1 I
06" — positive strain
A negative strain

0.5
FIG. 1. (Color online) Stress-strain curves.
04t Left panel: starting the experiment from a freshly
-3 prepared sample results in a symmetric trajectory
o 03 for y——v. Right panel: starting the experiment
~ from the zero-stress state with y= 7, results in an
asymmetric trajectory, see text for details. Data
0.2 was averaged over 500 independent stress-strain
curves at 7=0.01 where temperature is measured
0.1 in units of &/kg, see [4] for details
0 012 0:4
7l
B 8 =i
PF _ (g (AESPAETTAE) i (AEFPAEY™) <AUa AU;W> - 9EL,
D€, 0 €, 0 Enp : T? T—0 T T—>O Lap D€,y
_(AETPAEY™)  (AETAESP) (47)
T T Combining results Egs. (44), (46), and (47), we arrive at the
<AE;1<XAE3BV7/> (43) final result
r lim 53aﬁvnf<)(: 1 L
The first term on the RHS of Eq. (43) is (Eo"3 VX =0 VL dey d€,,0€qp
=(Uj ap V”KX>+<K“'8 V7%X); in the athermal limit the Kinetic term Do FU
vanishes, and following Eq. (32) we are left with + Vea,gV’;wVf;KX &Xia P ng ax°
p
li &+ U & U (44) =i =7
1m = laB
T—0 \ 0€y J €, 0 €ap €,y 0 €, 0 €ap | 5 + Vﬁaﬁvzvn &X’ VleV"]VéKX &Xig
The second term in Eq. (43) is YR F=1 Ry I=5,,
B A v . Oxx " Lvy &X’ {af e
(AE*PAEYTAE™) " e
2 . &El &El
T Vo Voo W]. (48)
_ (AUIPAULAUR + (AKTPAKAKTS) ) €ap €vy

TZ

since similarly to the second-order athermal limit case, all
mixed terms cancel. The triple product (AK[PAK}7AK!X)
~ T3, so we are left with

(AESPAETTAE) (AUSPAUTTAUY)
m T2 = 11m TZ .
T—0 T—0

Using relation Eq. (34) and definition Eq. (14), this is

(AUSPAUTTAU)
m 2
T—0 T
S =
=Vaaﬁvlgvnvﬁxx% GOIBV]{VW 9Xi
o0
'_‘]
+V VY Vi 2 46
Ovn” {kx Xz HKX {vy X[a ( )

Finally, we use relation Eq. (33) for the remaining terms:

in agreement with Eq. (25).

V. EXAMPLES OF APPLICATIONS

To justify and motivate the calculation of the nonlinear
elastic constants we present now two examples of important
issues regarding elastoplastic behavior in amorphous solids
that cannot be discussed without invoking these nonlinear
constants. The first is plasticity-induced anisotropy and the
second is the predictions of plastic failure.

A. Plasticity-induced anisotropy

A freshly produced amorphous solid is isotropic, and as
such presents a symmetric stress vs strain curve for positive
or negative strain. This is not the case for the same amor-
phous solid after it had been already strained such that its
stress exceeded its yield stress where plastic deformations
become numerous [14,15]. This is demonstrated in Fig. 1. A
typical averaged stress-strain curve for a model amorphous
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04t
%
L
0.2¢ ——T =0.01
—=—T =0.1
0 ——T1T=0.2
50 T -03
g -50
_100} =
_150}
0 0.1 0.2 03 0.4 05

v

FIG. 2. (Color online) Upper panel: Trajectories of stress vs
strain for four different temperature at the same strain rate 7y
=10"*. Lower panel: the corresponding values of (B,) as a function
of strain. Data was averaged over 1000 independent stress-strain
curves at each temperature. Note that (B,) is negative even when
the averaged stress-strain curve has a positive curvature, see text for
discussion.

solid (see Ref. [4]. for numerical details) starting from an
ensemble of freshly prepared homogenous states is shown in
the left panel, with a symmetric trajectory for positive or
negative shear strain. Once in the steady flow state, each
system in the ensemble is brought back to a zero-stress state,
which serves as the starting point for a second experiment in
which a positive and negative strain is put on the system as
shown in the right panel of Fig. 1. Even though the initial
ensemble is prepared to have zero mean stress, the average
trajectory is now asymmetric. This phenomenon, sometime
referred to as the Bauschinger effect [13], shows that the
starting point 7, for the second experiment (referred below
as the Bauschinger point) retains a memory of the loading
history in some form of anisotropy.

To shed light on the anisotropy of the Bauschinger point
we choose to measure the sum

R o
By(y) = Eim[3C™ + Cy™™]=lim 22| | (49)
T—0 T—0 d’yz 7=7*

which can be determined using the results Egs. (18) and (25).
In particular we note that (B,) is identically zero in an iso-
tropic ensemble. It gains a nonzero value when plastic events
take place and begin to build anisotropy. In Fig. 2, we
present results of numerical simulations in a typical model of
an amorphous solid (for details cf. [4]), and present the mea-
sured value of (B,) along the trajectory shown in Fig. 1. In
addition to the very low temperature trajectory in Fig. 1 we
show also measurements of (B,) for simulations performed
at other three different temperatures. For all these trajectories
B, was measured by quenching to zero temperature configu-
rations sampled along the thermal trajectory. The magnitude
of the Bauschinger effect goes down when temperature goes
up, and this is in good agreement with the value of (B,) at
the Bauschinger point which also decreases when tempera-
ture increases. We thus see that the values of the nonlinear
elastic constants can serve as natural measures for the degree
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of anisotropy that is built up in an amorphous solid due to
plastic deformations. Further discussion of this measure can
be found in [4]. Note that in [4] the value of B, was obtained
directly from stress vs. strain curves, computing the deriva-
tives numerically. With the results obtained in this paper we
can compute B, or any other elastic constant directly from
the particle interactions. This will open up in the future a
possibility to define local values of the elastic constants, pro-
viding maps of B, or other nonlinear elastic constants.

B. Predicting plasticity

Imagine an amorphous solid under a given state of strain.
Can one predict how much additional strain is needed to
reach plastic failure? Recently we have shown, cf. [3], that
an accurate predictor of plastic failure in an amorphous solid
can be constructed with the help of the higher order deriva-
tives of the potential function. Our findings not only offer a
predictive tool for the onset of failure, but also point out the
importance of nonlinearities, and in particular those that
couple nonlinearly “softening” regions with strain at larger
scales. It is indeed this nonlinear interaction which produces
a reinforcing mechanism leading ultimately to a catastrophic
event in the form of plastic yielding.

To fix ideas, imagine a simple shear deformation applied
to a given piece of amorphous solid [for simplicity in two
dimensional (2D), with immediate extensions to three di-
mensional (3D)]. A small strain increment 87y corresponds to
a change of the ith particle positions x;—x; as

!
X; =x;+ Ovyy;,

i
Yi =Yi-

In athermal quasistatic conditions (T—0, y—0), the sys-
tem lives in local minima, and follows strain-induced
changes of the potential energy surface. Therefore, the par-
ticles do not follow homogeneously the macroscopic strain,
and their positions change as x;—x/+X;, where X; denotes
nonaffine displacements. Around some stable reference state
at y=+/", the field X,, the system energy, and internal stress
o,, are smooth functions of y. We can thus write:

- B, . . d'o
oo(N=2 THy-¥)", B,=lim—2| . (50)
v 1! —0 dY' |,y

As the strain increases, the system must eventually lose me-
chanical stability; the “elastic branch” on the stress curve
ends in a discontinuity as the system fails via a first subse-
quent “plastic event.” It is precisely at this instability, say at
¥="p, that the function o,,() loses its analyticity. Accord-
ingly we recognize that the radius of convergence of the
series Eq. (50) is precisely |yp— |, where yp can be larger
or smaller than "

Mechanical instabilities are associated with the vanishing
of an eigenvalue of the Hessian, which we will denote as A\ p.
Here, as opposed to the analysis of [3,5], we do not make
any assumptions about the functional form of Ap(7y). The
vanishing of \p implies that any terms of the elastic con-
stants that are composed of the inverse of the Hessian 7!
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will diverge at A\p; hence, the strongest diverging terms are
those which are composed of the largest number of H™!’s
Accordingly, higher order elastic constants will consist of
stronger divergences, as can be understood, for example, by
comparing Eq. (18) with Eq. (25). Near vy, the most diverg-
ing terms will dominate over the rest, so we will consider in
the following analysis the most diverging terms of each order
of the athermal elastic constants.

We begin with B;=C}’+C5", which are given by Eqgs.
(17) and (18); following the discussion above, the most (and
only, for B;) diverging term is V’,,xv_ eV [recall that V
consists of H !, see Egs. (14) and (15)]. Close to 7y, the
diverging term will dominate, so we can write

1
B, ~—. 51
I (51)
We continue with B,; the most diverging term in B, is the
most diverging term in C3*; from Eq. (25), this is

; 1
i
Ve)ﬂle Vf)xy%{p )\_3 (52)
P
Since Bz—‘; , we obtain a differential equation for A p(7y):
L_d(L)_Ldy
)\3 dy\\p - )\% dy’
We rewrite this as
d\ 1
it (53)
d'y )\p

for which, together with the boundary condition )‘P|7p=0’
the solution is
R
Ap~NvYp= 7, (54)
in agreement with [3,5].
With this result, we are able to derive expressions for the
diverging terms of B; and By, as a function of 7yp; starting

from B;= 5o We obtain the relations
B 3a i B 15a (55)
3= — > an 4= 5.
Ayp=»" 8(yp—"
Solving for yp, we obtain the prediction
5B;
=y — 56
Yp= 72& (56)

where the most diverging terms of B; and B, should be con-
sidered. Notice that one could, in principle derive expres-
sions for yp involving lower order elastic constants; see [3]
for discussion.

We finally derive expressions for the most diverging terms
of B; and By; starting from the most diverging term in C;, we
take another constrained derivative:

LWl | = [T W KT WV
f

+2 symmetric terms, (57)
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where here and in the following, the contractions are only
over indices and components of particle coordinates, and we
only consider here the most diverging term of ‘;—L} > see Eq.
(24).

Taking another constrained derivative of Eq. (57) requires
an expression for @é /> which can be obtained by apply-
ing the rule Eq. (16) on H~!-H:

Jjt -1yij

&(H )Vn HJ€ (H l)vn H‘”K = a(H )Vﬂ 7K

0—'60,‘5 &Eaﬁ f &Eaﬁ f
qflmﬁ y
+(H7)y, Je. +VmﬁTf,’]K =0.
From here

a(HY o[ oH

( )Vﬂ _(H—l)tfk< KX+Vn ﬁﬁ;z)(H l)mj
06&[3 f 8eaﬁ

(58)

With this relation and Eq. (24), we carry out another con-
strained derivative of Eq. (57), keeping only the most diverg-
ing terms

- vy 1 (T VYY)
Jde f

=TA{[H - (T-VVIVIH - (T-VV)]}
+ 14 symmetric terms.

This leads us to the final expression for the instability strain
Yp:
YP="%
1 (T-V,V,) H ' (T-V,V,)
TR ATV V)V R (T YV V)
(59)

Notice that the above expression for yp can be calculated
numerically by solving two linear equations; first, for V us-
ing Eq. (14). With the solution for V in hand, one can then
solve Eq. (23) for %} |;=MH""-(T-VV). How these predic-

0.028} {0.57
0o26f| ° TP {0.53
0,

Q, 0.024} Y 10.49 HQ
' <
0.022} 10.45
0.02} 10.41
0.018} 10.37

0.018 0.02 0.022 0.024 0.026 0.028

Y

FIG. 3. (Color online) Typical stress vs strain curve shown up to
the plastic event, (scale to the right) and the predicted yp as a
function of .
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tions work in practice can be read in [3]. Here, we provide an
example of the prediction of 7y in Fig. 3 for the same amor-
phous solid treated above.

VI. SUMMARY AND CONCLUSIONS

In this paper, we derived closed-form expressions for the
nonlinear elastic constants of amorphous solids up to third
order. We presented both the thermal and the athermal
theory, and demonstrated that the latter is obtained as a limit
of the former when 7— 0. The expressions derived above
should be useful in numerical simulations where knowledge
of these nonlinear constants is indispensable due to the high
values of the stresses obtained near mechanical instabilities.
In particular these expressions will allow extension of the

PHYSICAL REVIEW E 82, 026105 (2010)

evaluation of these objects to local coarse-grained fields.
Such an extension will be presented in a forthcoming article.
We demonstrated the use of these nonlinear objects in the
context of understanding the plasticity-induced anisotropy
that arises in amorphous solids after a straining trajectory
and in predicting the plastic failure of amorphous solids to
increasing strain.
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