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Fracture behavior of Lennard-Jones glasses
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The fracture behavior of binary Lennard-Jor{&s) glasses is studied by extensive molecular dynamics
simulations. These LJ glasses represent a nonbond limit of polymer network glasses. We determine that the low
strain behavior of the LJ and polymer glasses is similar. Two different LJ glasses are fractured under tensile
strain without any preexisting crack. Void formation and resulting growth as strain increases is the mechanism
through which the system fails. Void formation initiates at the yield straig,ef0.09, which is approximately
the same strain at which the yielding behavior is first observed in cross-linked network models of polymer
adhesives. The yield stress increased only by small amounts with increased strain rate and with increased
system sizeéfrom N=30 000 atoms to 120 000 atom&Vithin the ranges tested, the stress-strain behavior of
these systems is independent of the temperature drop during quench and the initial molecular configuration.
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[. INTRODUCTION glasses since these systems are examples of commonly stud-
ied glasses and we expect our result not to depend on the
The fracture behavior of materials has been the focus of details of the system. These binary LJ systems have also
large amount of research. Large-scale molecular simulatioReen repeatedly used to model metallic glasses. The early
techniques have become an important tool in investigatingimulation studieg15-21], which focused on the transfor-
material fracture behavior. One of our aims has been to betténation that the system experienced and the dislocations of
understand the fracture behavior of highly cross-linked poly-the atoms when a shear was exerted on it, laid the foundation
mer networks, such as epoxigs2]. Naturally, there is much for understanding the stress-strain behavior of metallic glass
interest in understanding the mechanical response of adh&ystems. Much of the more recent works have used two-
sives when a strain is applied to th¢B+-12]. dimensional systems to study the physics of crack propaga-
Epoxy adhesives are highly cross-linked polymer nettion [22-29 within the glass, where the materials are sub-
works. Epoxies are created by curing a liquid mixture of twojected to very high stresses and undergo large strains. Other
molecules: a resin and a cross linker. The strands betwegholecular simulations of fracture in monomeric LJ materials
cross linkers are rather short. A model of epoxies follows thahave been focused on crystalline syste/26—29. In our
of other coarse-grained polymer mod¢ls3,14. Lennard- case, these LJ glasses allow us to simulate an amorphous
Jones(LJ) beads represent groups of a few atoms along théystem that represents the nonbonded limit of more complex
backbone, and are bound together with a simple spring pdl’]Ode|S used to study polymer adhesives. Also, since these
tential. In the epoxy moddll,2], the network has function- binary LJ glasses have been used to model metallic glasses,
ality six and just two beads between the cross links, becaud®is work should also be of a more general interest.
the strands in epoxy adhesives are short. The amorphous In the simulations of the model epoxy system, the tensile
structure occurs because the curing yields a randomly corgiress-strain curvéFig. 1) shows yielding behavior at a
nected network. The coarse-grained, bead-spring model @ftrain ofe,=0.1, which evidence suggests is related to the
epoxieq 1,2] has been used to simulate the fracture behavior
of epoxy systems. The stress-strain behavior of the epoxy T T
systems(Fig. 1) exhibits a yield stress at a strain ef
=0.1, followed by a region of nearly constant stress where
the chains are being pulled taut and a region of increasing
stress, while bonds are being stretched and broken until fi-
nally failure occurs. Here, we investigate what happens if the
amorphous structure is not bonded into a network. The ob-
jective of this work is to confirm our expectation that the
yield behavior at low strains of these highly cross-linked
polymer networks will be similar to that of monomeric amor-
phous systems without cross links or bonds, since the bonds ;i F
are not stressed at low strains. 0 02 04 06 08 L0 12
In this paper, we present fracture simulations of simple, Strain

binary LJ glasses in three dimensions. We study binary LJ g, 1. Comparison of the stress-strain behavior of system |
(O) and system I [0) mixtures of monomers, when a strain rate of
3.1x10 57 1 is applied to each system. A typical stress-strain be-
*Electronic address: cdloren@sandia.gov havior of a highly cross-linked epoxy systdfrom Ref.[1]) is also
Electronic address: msteve@sandia.gov shown ().
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strain required to separate the nearest neighbor LJ beads TABLE I. Lennard-Jones parameters used to define the interac-
[1,2]. Bonds are not stretched at this strain. Baljon and Robtion between particle# andB and the wall particlesV in the two
bins[12] have investigated the crazing and fracture behaviopystems (I and II).

of polymer adhesives using a similar coarse-grained modét

with no cross linking. They found stress-strain behavior at Interaction pair U () u(l)y —d() dn
low strain s_lr_mlar to that observed in the model epoxy sys- 5 A 1.0 1.0 1.0 1.0
tems. Specifically, they observed that the stress would peak
. . . AB 1.0 1.5 0.9 0.8
at very low strains, as observed in the cross-linked systems,
and then the stress would plateau and then decay to zero BB Lo 05 08 0.88
P y © AW, BW 1.0 1.0 1.0 1.0

They found that the yield strain is independent of the poly-
mer chain length used in the system, but the decay to zero
stress slowed as the polymer chain length increased.

In the case of LJ atomic glasses, we expect to see that t
stress-strain behavior will follow a similar trend as observe
by Baljon and Robbind12] for adhesive systems as the
polymer chain size was decreased. At low strain, we expe
the yield strain to occur at=0.1, because at that strain the ™ " glass formation and strain simulations were con-
LJ beads making up the atomic glass would be separate&h

f thei t neighb W ('t i d cted on the computational plaitl] at Sandia National
rom their nearest neighbors. Ve expect 10 See a rapid decay,, , aiqrieg using LAMMP$42], which is a massively par-
to zero stress, upon further increase in the strain, correspon

: . . : ) . llel molecular dynamic$MD) code. The average run for a
ing to the continual separation of particlesid formation, 60 000 bead sysilem toc?lll/lagout 4 000 node h%am)roxi—
until fracture occurs. Our simulation results presented in Seci‘nately 5 days on 32 nodesThe temperature of the system
lll confirm these expectations. was controlled by the Langevin thermostat3] with a

In the following sections of this paper, we present thelfangevin damping constant of 0! and an integration
work done to understand how the stress-strain behavior Q“me step of 0.005, wherer is the LJ time unit.

three-dimensional binary LJ systems depends on strain rate, The majority of the work presented in this paper studied

quench rate, and equilibration times. Th? following Se.Ctionsystems of 60 000 patrticles in a rectangular box. The system
L?g;oﬁjggiéhe_rm?] ?/%//Zt(\a/vrnls t?:steirteasrtgdéﬁgcﬁgg tohuer fg;ljlltas'ize effects were studied by conducting simulations of sys-

" : P Tem | with 30000 and 120 000 particles. In all the cases, the
from these simulations.

systems were sized such that the liquid dengjtywould be
consistent with the liquid temperatufie-. For most of our

layers of the fcc lattice structure such that the nearest-
eighbor distance is 1.264 The system is periodic in the
andy dimensions. The particles interact with wall particl¥s
s governed by the LJ potentidable )); however, the wall
(‘Sarticles do not interact with one another.

II. SIMULATION METHODS studies,T,=1.1u,y/kg and systems were sized so that sys-
The particles in the binary systems interact solely throug€M ! liquid density is 0.9 (S0dx 33.7dx 48.3d for 60 000
the LJ potentia[30]: particles and the system Il liquid density is 0.8 (48.8

X 36.1d X 44.1d for 60 000 particles
These simulations follow the same basic approach as in
, (1)  the earlier epoxy simulatiorid,2]. The particles are initially
placed randomly allowing overlap. Overlap is removed by

d 12 d 6
7 -5
applying a cosine potential
whered anduy have been used to represent the LJ diameter PRYIng nep !

and the LJ energy, respectively. Traditionally, the symbols o
“o”and “&" are used to represent the LJ diameter and en- Usoﬂ:AJrAcos( _) 2
ergy, but in this paper they are being used for stressnd lo
strain e. The two different systems each consisted of an
80/20 mixture of particléA to particleB. These binary mix- Wwherer,=2%d is the cutoff. The amplitudé is increased
tures allowed us to form amorphous systems, as opposed fom 0.0 to 60.0 over the span of 5000 time steps to separate
crystalline structures which result when using monatomic LIhe overlapping particles. Then the system is equilibrated at
systems. The LJ parameters that were used in both systemis=1.1uqy/kg andp,(T,) for 10 000 time steps to remove
are shown in Table I. For both systems, the cutoff for the LJartifacts of the initial state.
potential has been set to 8.5 After the equilibration of the liquid state, the system is
The LJ parameters of system | binary mixture was firstquenched to a temperatufe=0.2 uy/kg, which is well be-
used by Ernset al. [31]. The system Il parameter set was low the systems’ glass transition temperature of
first used by Kob and Andersen in 19982]. Weber and  =0.4Quy/kg [31] and T;=0.4351,/kg [32], for systems |
Stillinger had used a similar potential for their simulations ofand Il, respectively. In order to allow the density to increase
NigoPyo [33]. Since these initial studies, many other authorsdue to the quench, the top wall is allowed to move rigidly
have employed this parameter set in their studies of metalliander a small pressurd(,,;,=0.1u,/d®). After quenching,
glasseg34-4Q. the walls are held fixed and the system is run Tat
In the z dimension, the system is bounded between two=0.2 uy/kg for 100 000 time steps before the application of
rigid walls, which consist of particles arranged in t@kll)  the tensile strain. The tensile strain is applied by moving the

ULi(r)=4ug

021802-2



FRACTURE BEHAVIOR OF LENNARD-JONES GLASSES PHYSICAL REVIEW &B, 021802 (2003

top wall at a constant velocity;,, in the z direction; the @

bottom wall remains fixed in position. The strain behavior a
was studied forv,=0.01d/7, 0.00d/7, and 0.000d/r,

which corresponds to strain rates ef=3.1x10 47 1,
3.1x10 5771, and 3.%x 10 6771, respectively. (b)
To test whether the initial liquid system is sufficiently

equilibrated, we compared the stress-strain behavior for sys
tem | mixtures that were quenched at different times. By
guenching at different times, we are able to sample system:
having statistically independent initial configurations. The
results from these simulations suggest that the stress-strain R . .
behavior is not affected by a change in the initial configura- /G- 2. Yoid initiation and growth in system | when a strain rate
tion of the beads. In order to keep the simulation time at aof3.1>< 10> 7~ * is applied. Each picture represents a vertical slice

. ilibrated the liquid t for the | tOf the system which is @ thick. The five slices comprise the whole
minimum, we equilirate € liquid systems for the leas system. The progression represents increasing the strain (&om

amount of time steps that we studied (10 000 time steps £,~0.093 (the peak in Fig. %10 (b) £=0.095 t0(c) £=0.199.
Although the strain is increasing, the pictures have been rescaled so
that they all have the same dimensions. Also, the particles have
Ill. RESULTS been imaged with a diameter of @.5

Figure 1 shows the stress-strain behavior of both systemsirained at a rate af=3.1xX 10" 271, The void is first vis-
for £=3.1x10 %71, Similar behavior is observed for both ible ate=ey,=0.093. The initial void, which is shown in the
systems. The stress on the system increases as the straiiddle frame of Fig. 2a), is ~ 3¢ in diameter. After the void
increases until it reaches a peak at the yield strgsand ~ formation at the stress peak, the void then grows into the
straine, . The yield stress occurs at almost identical valuesbulk of the system, as shown in FiggbRand Zc). The void
for system | €,=0.09, 0,=3.0) and for system Il £,  grows very rapidly in the range of strains from the yield
=0.07,0y=3.5). Similar values ofr, ande, were found in  strain until e=0.10, which is the same strain range over
the model cross-linked epoxy simulatidiis2]. In the highly ~ which a sharp drop in the stress is observed. £510.10,
cross-linked systems, no bonds were stretched or broken favhere the strain decays to zero, the void grows at a slower
e<ey so the similarity in the stress-strain behavior is ex-but constant rate until it spans the entire systemeat
pected. =0.63. In all cases, we see the same general void initiation

After the peak, the stress-strain behavior of the monoand growth behavior. First, a single void initially forms away
meric glass systems differs from that of the model epoxyfrom the wall. Then the void grows into the bulk much faster
systems. In the monomeric glasses, a brittle fracture behaviahan it grows towards the wall because the particles close to
is observed in the form of the sharp drop in the stress untithe wall are more close packed and take more energy to
£=0.10. Other simulation studig23-25,36,44 of glasses separate.
have found that the systems yield at strains in the range of Holian and Raveld45] and Abrahamet al. [46] have
£y=0.05-0.10, which is consistent with our results. Then afound that in order to accurately study crack propagation in
more gradual decay in the stress is observed until it reachesystalline systems they must use very large systehMs (
zero ate=0.62. However, in the model epoxy case, a pla-~10° atoms. Large systems are required so that distur-
teau in the stress follows the peak and then a second peak [rances emanating from the crack do not have time to reflect
the stress is observed, which is then followed by a sharp drofrom the boundaries and effect the propagation behavior.
to zero stress as shown in Fig. 1. The stress plateau ardowever, in our amorphous systems, we do not believe that
second peak are related to the stretching and breaking aize will have such a large of effect because we are not
bonds in the cross-linked network, which are not expected tstudying the brittle fracture of the crystalline system. In ad-
be seen in the monomeric glass systems. dition, we are not simulating crack propagation at the crack

As the system is strained, we expect that void formatiortip of the material. We are investigating material deformation
leads to the yielding of the system, as observed in the modelnd crack initiation.
epoxy systems. This expectation is supported by direct ob- In order to test the system size dependence, systems with
servation. As the strain on the system increases fromeQ to N=30000, 60000, and 120000 are simulated. Figure 3
the volume of the system increases nonuniformly. The yieldshows the stress-strain behavior for system | with different
strain corresponds to overcoming the maximum in the LIN. (Note: The data are identical for all cases at strains
force, which is required in order to separate neighboring>0.2, so this part of the plots will be excluded in the re-
pairs of bead$1]. The maximum LJ force is exhibited at  maining figures. There is a small variation in the yield
=2Y%d=1.1A, which is the average separation of the beadsstrain, which was determined by interpolating the strain at
after a strain of 0.1 is applied to the system. the midpoint @=2.0) of the sharp drop in the streps,

In order to verify whether voids form at,, we examined =0.091 (N=30000), 0.095 K=60000), 0.102 I
images of the system | glass. Figure 2 shows vertical slicess: 120 000)]. The yield strain increases by 0.004—0.007 as
whose thickness isd of a system | glass, which is being the size of the system is doubled. The larger system allows
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FIG. 3. Plots of the stress-strain behavior of different sized sys- FIG. 5. Comparison of different strain rates on the strain behav-
tem |, which are being strained at a ratecef3.1X 10 ® 7~ 1. Each  ior of system Il. Each curve represents a different strain rate:
curve represents a different sized systédm: 30000 (J), 60000  =31x10°4 71 (0),e=3.1x10°+ 1 (O), and £=3.1
(¢), 120000 Q) particles. X106 771 (0).

the strain to be shared over more of the volume. Therefore, Berature drop. For comparison, the epoxy systems are gener-
larger strain is required to create the inhomogeneity in thé@lly cured in the liquid state at a temperature around, for
density of the system that results in the formation of a void €*@mple, T, =350 K. Fracture measurements are typically
At very largeN, we expect that the yield strain will reach a Performed at room temperatufe=300 K, corresponding to
constant value, because this size effect will become un Normalized temperature drop AfT,=1/6. In our binary
noticeable. glass simulations, we are Ilmlteq in how smAIq can be.

The strain rate was also varied for both systems. Decreaéo-‘S T approaches'l'gz the dn‘fusmr}.of tl_1e pgrtlcles slows
ing the strain rate allows the system more time to relaxdown’ which result_s N anger equilibration times that r_nake
However, the relaxation of glasses is very slow and polyme}he length of our S|mL_|Iat|on unmanageable. W_e mvestlgated
glass experiment47] and simulationg11] have shown a he effect of decreasind T, on the stress-strain behavior.

- - System | was prepared at different liquid temperaturgs (
weak dependences{~logv) of the fracture behavior on the 0.6, 0.8, and 1dy/ks) and then each was quenched to

strain rate. Figures 4 and 5 show the stress-strain behavi ;
for system | and system II, respectively, at three strain ratesci.-r =0.2Uo/kg, such that the different cases represa,

both . kv d q ~=2.0, 3.0, and 4.5. Figure 6 shows that the stress-strain
In both systemsg, is weakly dependent o [system I popavior for the different cases is insensitive to the tempera-

ey=0.122 =0.00031 1f), 0.095 =0.0000311#),  ture drop during quenching at the given strain rate. While we
0.088 (=0.0000031 1#); system II: &,=0.121 do not claim that the results we observeAdt,=2.0 are the
=0.000311#), 0.088 =0.0000311#), 0.085 ¢ Same as what would be observed &T;=1/6 (or AT,
=0.0000031 1#)]. The small dependence of the yield —0), our results suggest that at the given strain rate the
strain on the strain rate for both systems supports that theg@éeld strain is not sensitive taT,. Also, we expect that
simulations produce results consistent with experiment.  there is a coupling between, andAT,, because these two

The formation of the glass structure involves a large temdifferent phenomena occur on different timescales. In the
regime of much

40 ; S

Normal stress
Normal stress

Strain

FIG. 4. Comparison of different strain rates on the strain behav-  FIG. 6. Plots of the stress-strain behavior of system | samples
ior of system I. Each curve represents a different strain rate: that experienced a temperature dropAof,=2.0 (¢), 3.0 (O),
=3.1x10* 71 (O), e=3.1X10"% 71 (O), and e=3.1 and 4.5 () during the quench and then were strained at a rate of

X108 771 (0). £=3.1x10"° 771
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slower v,, which we did not sample, we expect that the with increasing strain rate for both systems. The yield strain

yielding behavior will be dependent akT,,. &y showed no dependence AT, within the range that we
simulated. The simulation parameters that were varied were
IV. CONCLUSIONS the system size and the initial molecular configurations.

) ) ) ) _ When the size of the system was increased we foundethat

The results from three-dimensional MD simulations of bi-jncreased weakly. Finally, we found that the stress-strain be-
nary LJ glasses have been presented in order to provide iyvior did not change with different initial molecular con-
better understanding of the stress-strain behavior of thesgyyrations.
glasses. The correspondence between the deformations andn comparison with the stress-strain behavior of the cross-
the stress-strain behavior has been characterized. In generghked network systemgl,2], we observe similar low strain
we observed that a void begins to form at the peak in thgyehavior in the atomic glass systems presented in this paper.
stress/strain curve. This peak occurs at a yield strain,of s expected, the behavior of the cross-linked and entangled
=0.09 which is directly related to the distance required topolymer systems[8—10,13 is significantly different for
overcome the LJ particle interaction between nearest neigtrains larger thas, . The plateau observed in both systems
bors. As the strain increases beyany the single void con-  and the second peak observed in the cross-linked system are
tinues to grow until it spans the entire system and fracturgaused by the stretchingr dis-entanglingand subsequent
occurs. During the growth of the void, we saw that with preaking of the bonds, which occur wher> ¢, . These re-
increasing strain the stress on the system decreases at a raffits reinforce the previous evidence that the bonds do not
slower than we expected. This stress-strain behavior is Cofinfluence the stress-strain behavior until larger strains.
sistent with the behavior observed from other simulations
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