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Extensional rupture of model non-Newtonian fluid filaments
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We present molecular dynamics computer simulations of filaments of a model non-Newtonian liquid
stretched in a uniaxial deformation to the point of breaking. The liquid consists of Lennard-Jones monomers
bound into chains of 100 monomers by nonlinear springs, and several different constant-velocity and constant-
strain-rate deformations are considered. Generally we observe nonuniform extensions originating in an inter-
play between the stretching forces and elastic and capillary restoring mechanisms, leading to highly uneven
shapes and alternating stretched and unstretched regions of liquid. Except at the fastest pulling speeds, the
filaments continue to thin indefinitely and break only when depleted of molecules, rather than due to common
viscoelastic rupture mechanisms.
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I. INTRODUCTION when the stretching forces are released and it is allowed to
retract, as opposed to an irrecoverable part due to viscous
The extensional dynamics of polymeric, non-Newtoniandissipation or structural alteration. For examplg, it is
liquids controls processes ranging from commonplace activielaimed based on an analysis of experimental data that in
ties such as chewing gum to large-scale commercial applicasome flow regimes true rupture occurs only when the recov-
tions in extrusion processing of materigly. Understanding erable strain exceeds 1/2. In the systems studied here, this
the dynamics of the liquid in these situatiof3| requires approach is difficult to apply, since it neglects an important
information beyond the usual shear viscosity characterizatiofelastio component, surface tension, which tends to restore
of flowing fluids, and has led to extensive experimental andall distorted but unconstrained liquid bodies to a spherical
theoretical work on “liquid bridgesT3]. Here, one pulls on shape. Furthermore, it is difficult to keep track of dissipation
the ends of a cylinder of the liquid and observes shapesn the simulations reported here because the thermostat used
forces, velocities, ano some degreestresses, and attempts to maintain a fixed temperature constantly adds or subtracts
to relate the behavior to an appropriate rheological modelenergy from the system. A second focus of previous work
The ultimate fate of an extending liquid bridge is a rupture athas been the relation between time to rupture and applied
some point, and some efforts in this direction have attemptedtress; in our simulations the ends of the filament are moved
to understand the fracture mechanisms involved. Aside fronat prescribed velocities, so that applied stress is not fixed and
practical relevance to material failure, the thinning dynamicdnstead fluctuates during the course of the stretch. To discuss
of a cylindrical neck of liquid has become an important sub-other configurations, empirical correlations or the results of
ject in fluid interfacial dynamicg4]. In almost all cases, non-Newtonian continuum modeling are used. The simula-
these efforts have concerned macroscopic bodies of liquid, itions performed here quickly lead to regions of the filament
the sense that the experiments do not generally have atomighich are only a few molecules in diameter, and not obvi-
resolution, and the calculations are based on continuum deusly described in these ways.
scriptions. The purpose of this paper is to consider the inter- We have previously considered the rupture of fluid inter-
facial rupture of a liquid bridge configuration at an atomicfaces in two situations, using molecular dynami®4D)
scale. In addition to the intellectual question of exploring thesimulations. In a study of the dynamics of a monatomic drop
late stages of rupture that are below the level of resolutiorplaced in a second immiscible fluid undergoing sH&rwe
considered previously, a further motivation comes from refound fair quantitative agreement with experiments and con-
cent interest in microfluidics and nanofluidi&, where pre-  tinuum calculations in general, and in particular that the drop
cisely these length and time scales can be reached in praaiptures at a sufficiently large capillary number. The micro-
tice. scopic mechanism involved is a gradual flow of the drop’s
The focus of this paper is somewhat outside the domaimolecules to one side or another induced by the external
usually considered in rheology. Previous studies of the rupflow, coupled to surface tensidoriginating in the molecular
ture of liquid filamentg6] have concentrated on determining interactions chosen to provide immiscibilitstcting to reduce
instability criteria based on continuum modeling, focusingthe area of the interface separating the drop and solvent lig-
on identifying characteristic regions of the strain rate —uids. In a previous paper on non-Newtonian flufd§] we
maximum strain phase space corresponding to viscous, elagsed MD simulations to study liquid bridge deformation, fo-
tic, rubbery, and glassy behavior. In that context it is com-cusing on the shape evolution and internal velocity and stress
mon to distinguish a recoverable or elastic component of théelds. In that paper relatively small samples of several dif-
strain, representing the residual deformation of the materidierent model molecular fluids were considered—a Newton-
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ian liquid based on short-chain molecules, a solution of a feW16]. This value ofr corresponds to a purely repulsive po-
longer (20—40 monomejsmolecules in a short-chain sol- tential, which, while adequate for a confined material, has
vent, and melts of the longer chains. Although the simulathe disadvantage here that a fluid will expand to fill space
tions were continued to the point of rupture, these systemgniformly, with no interface. Since an interface is crucial
were too small to display any interesting behavior that coulthere, attraction is needed and we retain the larger value of
be quantitatively analyzed. The Newtonian liquid and melt, . However, because the interaction has been altered, the
systems ruptured due to fracture after only modest lengthquig studied here need not have the same transport coeffi-
increases, by less than a factor of 2. The model solutioRjents. |n separate simulations we find a static shear viscosity

system attained rather longer lengths, by virtue of the Iongeh(0)~103m/or, defined as the limit of the dynamic shear

molecules becoming extended and providing a kind of back- _ . ) s )
wscosity u(y), the ratio of shear stress to strain rate in Cou-

bone, and ruptured when the overall length exceeded th ) ¢
amount of molecular backbone available, essentially follow-tté flow, when the strain rate tends to zero. Typically, poly-
ing the monatomic mechanism. Our goal here is to use &€r melts based on LJ and FENE potentials show shear

larger system based on a melt of longer molecules, and stud{pinning—a nearly constant viscosity up to a certain transi-

the deformations of highly elongated liquid filaments. tion shear ratey*, and a systemati¢roughly power-lawy
decrease at larger values. We use the inverse of the transition
Il. SIMULATION PROCEDURE shear rate as a characteristic fluid relaxation tinwe,1/y*

The simulational method and the molecular systemN 10°7 in this case. This number and the quoted viscosity

closelv follows our earlier papers on nanodron dvna above are very crude estimates: at the very low velocities
-10SEly T . pap odrop dyn |[g_@5 needed to reach the plateau for this chain length, the signal-
liquid bridge extensional flowg10], and single chains in a

flow [11]. The MD calculations themselves are of standar to-noise ratio in a stress measurement is poor, and even in
: ; . . ery long runs, substantial fluctuations are found. The rheol-
form [12,13, and consider a fluid made of monomers inter-

tina with two-body for £ WO t Lennard-JoneL9Y of chain liquids and the definition of characteristic time
acting 0-body Torces of two types, a Lennard-JoNes, s -oniext is discussed further in Rf$6,10; the latter
potential to provide an impenetrable core and chemical at-
mer chains. The exolicit forms of the interaction potenti I'shows that they exhibit strain hardening in extensional flow,
arg chains. The explicit torms of the interaction potentials;, 1he sense that an appropriate extensional viscosity in-

r\-12 [\ -6
(-) - (-) simulation of a slab of liquid with planar interfacgk7].
e T The MD calculations are performed in parallel on either
T-3E, Origin-3000, or IBM SP platforms, using a spatial do-
. _ tines. The numerical procedure is to integrate Newton’'s
The Lennard-JoneflJ) mter_actlon acts between any two equations of motion using the velocity Verlet algorithr2]
monomers separated by a distance less tQar2.50, and a  with time step 0.005. Occasionally, the computation was
tential[2] acts only between adjoining monomers in any oneto maintain the liquid at a constant temperatufie
molecule, and has the effect of limiting the bond length to=1.5¢/kg . The initial configuration, a roughly circular cyl-
ro. The parameters in the FENE potential are taken to bénder of lengthL ,=80.50 and radiusR,=26.3r, containing
chains for the 100-monomer chain length used here. Thgreparation procedure. In our earlier simulations of length-
characteristic time for monomer dynamics is defined by thel00 chain molecule mel{®], we began with the monomers
LJ parametersr= \'e/mo?, wherem is the monomer mass. on regular lattice sites and randomized the configuration by
mensionalized using “MD units,” wherer is the unit of  where its time-averaged monomer spatial density was uni-
length, 7 is the unit of time, andt is the unit of energy. form, the probability distributions of molecular siz@nd-to-

A molecular liquid based on the FENE and LJ potentialsend length and radius of gyratipreached a steady state, and
off at a smaller value than used here=26x, which has ing the liquid gradually to temperature 1.5, while simulta-
the computational advantage of reducing the number of pameously applying a weak central force until a stable sphere
ticles that are in interaction range and speeding the calculdermed, and then gradually switching off the force. Next,

traction at larger distances, along with a finitely extensiblep.aloer considers MD simulations of the liquid bridge exten-
creases with strain rate. Finally, the surface tension is mea-
VLJ(I‘)=4€
2
Veener)=— %kr%ln( 1— r—z) (1) main decomposition algorithm, a layered linked-cell list on
linear term is added t¥, ; so that the force vanishes at this checked by rerunning over a certain time interval with a
ro=1.50 andk=30e/ 0%, following Kremer and Grest14], 1400 chain molecules 100 monomers in length, is in a disor-
In the remainder of this paper, and in particular in all figures heating it at a high temperature and low density in a box with
(1) has been widely studied as an MD model of polymerthe probability distributions of molecular orientations were
tion. The properties of this system are given in detail in Refhalf of the sphere was placed on a partially wetting atomistic

nonlinear elastic force to link the monomers into model poly sional dynamics of model melt@nd other fluids and also
sured to bex=0.37+0.01 using an independent equilibrium
ro each processor, and message passing inte(fdéd) rou-
cutoff. The finitely extensible nonlinear elastEENE) po-  smaller step length. A Nosdoover thermostaf18] is used
and are chosen to yield an entangled melt of noncrossingered liquid state resulting from a somewhat convoluted
when dimensions are not given we have implicitly nondi-repulsive walls. This system was equilibrated to the point
melts[15]. In most previous work, the 6-12 potential is cut rotationally invariant. A spherical drop was formed by cool-
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TABLE I. Final length and time to rupturéViD units).

Constant velocity Constant strain rate

Vo O & 0.05 0.15 0.5 0.001 0.004 0.01

Length 432 694 1080 701 1594 959

Time 3520 2045 1000 2250 763 263

solid substrate and reequilibrated, and finally the sphere wa: N
allowed to coalesce with a slightly randomized copy of itself.

Because both hemispheres were placed on attracting sutk

strates, the result was a liquid cylinder held between two
solid surfaces, rather than a single larger sphere. Removini

the solid substrate after coalescence gives the initial cylinde!

considered here. One might be concerned that when the cyl
inder is pulled it would tend to break at the midplane into its
two original drops due to incomplete healing, but in fact we

observe rupture at various other locations.

To stretch the filament, we simply pull on its ends. More
precisely, each monomer in a disk of thickness &t each
end is attached to a “tether site” by a stiff spring, and the

tethers are moved outwards in a prescribed manner by dis- FIG. 1. Sequence of filament shapes in a constant-velocity de-

placing their position by the appropriate axial amountiormation at pulling speed,=0.05/7, at times 0, 508, 1500r,
ivOAti at each time step. In simulations of constant-2500r, 3100r, and 352@ (top to botton).

velocity extensionyp is just the velocity at each end of the

filament, while for constant-strain-rate extension, where the lll. CONSTANT-VELOCITY STRETCHING

length of the filament grows ds(t) =L e, the fixed con- We first consider filament stretching at a relatively low
trol parameter is the strain ratg and the velocity img(t) ~ constant velocity, displacing the two ends*ad.05/ 7. Suc-
=dL(t)/dt. This procedure is similar to a common experi- C€ssive snapshots of the filament appear in Fig. 1, in a low-
mental ond 3], where the liquid filament rests between solid Fesolution side view intended to indicate the overall shape.
end plates that are moved apart, but has the conveniencfd €arly times there is a mostly uniform deformation, aside
that the end plates need not be modeled and that flow aloigom some necking near the two ends, which results from the
the end plates does not arise. The focus of this paper is t therlng method ‘.’S.e‘?' 'here—the monomers there are essen-
behavior of the liquid in the “middle” of the filament, so tially pinned to their initial relative positions and when these

nothing is lost in this way. We also attempted an alternative © moved apart the melt attempts to fll in. A. dynamical
. . necking down appears near the center of the filament around
procedure suggested by experiments on single DNA mol:

ecules[19] in which a constant axial force was applied to 1500r, followed by relatively uniform stretching of the cen-
u N whi X w PPl tral neck region through 3160 while the two end segments

each monomer n the end regions, but the result was that ﬂ}?f the filament translate with the tethers with only minor
end regions contracted ' adially and rupture occurred nearb}éhanges of shape. Eventually the filament breaks when the
leaving the bu_lk of the_f_|lament unextended._ . neck region is so stretched as to run out of molecules. As
The operating c_ond|t|_ons of the various simulations PEseen in the close-up views in Fig. 2, the neck eventually thins
formgd here are listed in Table I'. In terms of the pl.J||.II’-19 down to a few molecular chains lined up along the stretch
velocity or strain rate. Note that in elth(_er case the 'n't'alaxis, and the breakage occurs when these chains are pulled in
velocity and strain rate are related by=Loeo, wherelLois  gpposite directions and slide past each other. Note that the
the filament’s initial Iength In terms of the usual dimension'moleCL"ar mode| used here does not incorporate Chain break-
less groups characterizing a flow, at the start of a run thgng, so the molecular “depletion” seen here is the only avail-
Reynolds number RepuvoR,/u1(0) is always much less aple rupture mechanism.
than unity, while the Deborah number Ba ¢, and the cap- Calculations and laboratory experimeis20,21 on the
illary number Ca wu(0)vg/a are O(10%) or larger. Al-  thinning of a continuum Newtonian liquid cylinder typically
though the Reynolds, Deborah, and capillary numbers defind a power-law variation of minimum radius with time.
scribing this flow are all moderate by laboratory standards, iHere, however, while we do observe a systematic decrease as
should be kept in mind that the physical velocities are relaseen in Fig. 3, the detailed time variation is not well fit by a
tively large, few meters to hundreds of meters per secongower of time. Aside from the fact that the later stages of
(depending on one’s interpretation of the Lennard-Jonesupture are associated with a neck made of just a small num-
monomery and not at all small for the microscopically thin ber of highly extended molecules, which may not suffice to
bodies of liquid considered here. form a continuum, the velocities and stresses at the ends of
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FIG. 2. Rupture region in the constant-velocity deformation of
Fig. 1, at times 3475 3515r, and 3526 (top to bottom).

the sample show strong relative temporal fluctuations, which
are unavoidable in small systems but not present in theoret-
ical calculations or well-designed experiments. Furthermore,
at this stage the liquid is presumably highly viscoelastic so
that Newtonian fluid predictions may not be applicable at all.

It is not therefore unreasonable to observe quantitatively dif-
ferent thinning dynamics. Similar behavior is observed in all
of the other cases presented below: although there is a sys-
tematic decrease in the filaments’ minimum radius with time,

it does not fit a power-law variation.

The global behavior of the shape of the filament is of
course coupled to the evolution of the typical configurations
of the molecules. Individual molecules exhibit a range of
behaviors, from becoming fully elongated to remaining
coiled up, with only a partial correlation between the initial
position in the liquid cylinder and the final state, so instead
we focus on statistical averages. In Fig. 4, we show the time
dependence of the mean molecule size, defined by the end-
to-end molecular length, and the mean orientation, defined
by the angle between the end-to-end vector of a molecule
and the stretch axigOther measures of size and direction,

PHYSICAL REVIEW E 67, 011502 (2003
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FIG. 4. Mean molecular end-to-end length and orientation angle

such as the radius of gyration and the orientation of thg. time in the constant-velocity deformation of Fig. 1.

eigenvectors of the inertia tensor, respectively, exhibit iden-

20F
18F
16

1000 2000 3000
t

tical trends to those plotted herés the filament begins to
stretch, an average molecule elongates and aligns with the
axis to a modest degree, 15—-25 % or so, but after 2300
trend reverses and it begins to relax back to its equilibrium
length. Orientational relaxation is slower, an obvious effect
in the reptation picture, since a chain can easily contract by
withdrawal along its axis but must displace other chains to
rotate. The transition correlates with the visual behavior of
the filament in Fig. 1—after time 156he two ends of the
filament, which contain most of its molecules, do not expe-
rience any significant extension, and merely translate with
little change, in shape while relaxing internally after the ini-
tial step in stress. To verify this contention, we consider the
molecular configuration as a function of location along the
axis. Figure §a) shows the length and orientation as a func-
tion of axial position at an early time, before the develop-
ment of the stagnant end regions, and we see that, except for
those molecules at the very ends of the filam@vttich are

FIG. 3. Minimum radius vs time in the constant-velocity defor- wholly or partially tethered and have a restricted ability to

mation of Fig. 1.

change shape there is a roughly uniform extension and

011502-4



EXTENSIONAL RUPTURE OF MODEL NON-NEWTONIAN . ..

PHYSICAL REVIEW B7, 011502 (2003

1.0 T —
L 18 1
0.9 r
0.8 16F i
0.7}
% [ 4
o I o 141 4
Q r L
0.6 [
0.5 [ 12F E
0.4} I
[ 10 .
0.3 [ Lo a1 Lo a1 a0 Lo s o a0 03 1 | .. 1 n I i 1 I i I I 1 i I I i 1 I i I I
0 100 200 300 400 0 50 100 150 200
() z () z
50 prerrrrer e R ax A Aan e 0.9 T T T
: ] o8t ]
40F E E
b 07r ]
30F . ]
E ] S ]
o ] 8&os¢t 1
b ] © 1
20F 3
E ] 05} 1
10F 1 oasf ]
0 Finnn Lt a8 a8 a4 s s 02013 144440 1o 03 [ YT SR TR T U S ST T A NN ST S AT S N S S T
0 10 200 300 400 0 50 100 150 200
() z C) 2

FIG. 5. Molecular length and molecular orientation vs axial position in the constant-velocity deformation of Fig. 1. Top: at time 1000
bottom at time 35080.

alignment. In contrast, at the late time 3606 Fig. 5b), the  varying functions of the particle positions. It is possible to
prominent configurational changes are confined to the centrameliorate the fluctuations using comoving sampling bins
region, with little elongation elsewhere. Furthermore, in theand interpolative smoothing methods, and in H&D] we
central region itself there is a rapid variation along the axishave presented and discussed these in detail for thicker fila-
from highly stretched to little-stretched intervals. Again thisments whose behavior more closely resembles continuum
behavior is reflected in the overall shape—the blown-up figproperties. Here, we just show an example of the raw data,
ures of the central region show an alternation betweemveraged radially and over short spatial intervals along the
stretched chains and apparently knotted clusters. axis. The qualitative aspects of the stress may be understood
Turning to the continuum flow fields, Fig. 6 gives the as reflecting features evident in the shape of the filament in
fluid velocity as a function of axial position at various times, this time interval(at 2500, as shown in the third frame of
with behavior consistent with the previous discussion. In theFig. 1), and the general trends seen here as well as in the
early stages of deformation, when the filament is nearly cyother simulations described below as are follows.
lindrical, the velocity varies roughly uniformly along the (1) Positive peaks in the pressure at points where fluid is
axis. At intermediate times, there are stagnant end regionsioving away as the filament thins out.
moving with the tethers, and a rapid velocity variation in the (2) A radial stress r componentthat is very noisy but
center. In the last frame, just before rupture, the region neanegative, reflecting the radial compression of the filament,
the center where the break will occur is almost at rest, withand largest in magnitude near the center.
high-velocity regions to either side, and a bit of an overshoot (3) An axial stress that is positive and comparatively
on the left. The stress tensor measurements are unfortunatelpiseless, with peaks at the same points as the pressure.
rather noisy, as shown in Fig. 7. Generally, the origin of the (4) A noisy shear stress, which on average ramps from
fluctuations is that the stress depends on the intermolecularegative to positive from end to end, reflecting increasing
forces, which, given the potentials used, are very rapidlyradial velocity as one moves away from the midplane.

011502-5



JOEL KOPLIK AND JAYANTH R. BANAVAR PHYSICAL REVIEW E 67, 011502 (2003

25001 5007
0.10 T LB L L 0.10 —T—T—

0.05 1 0.05

v(z)
=)
v(z)
=)

-0.05

1 —0.05

—0.10 s Y EE— I -0.10——+—— 1

@ (©

0.10 v Ty L IBAmaE s e T 010 ————————— T ——

0.05 0.05

v(z)
o

-0.05

(b) G z

FIG. 6. Velocity vs axial position in the constant-velocity deformation of Fig. 1 at the times indicated. Each curve represenisia 50
average.

(5) The amount of noise and fluctuation increases ovetermediate points, and the configuration prior to rupture re-
time, reflecting both an increase in the number of thinningsembles the results of the quasistatic Rayleigh instathBity
and stretching regions and a smaller sample of monomers where a cylinder of liquid without imposed flow breaks up
each. into spherical drops. The final stages of rupture, again,

Finally, we examine the behavior as a function of stretch-amount to a very narrow neck, only a few molecules in
ing velocity. Figures 8 and 9 show a sequence of snapshots aidth, attenuating down to nothing as its elongated chains
higher (fixed) tether speeds;z0.15 and+0.5¢0/7, respec- are pulled past each other. The shape evolution is in a sense
tively. In these various simulations, the initial liquid cylinder opposite to that of the low-velocity case in Fig. 1, where the
is always the same, and within each sequence the sanemd regions begin to translate passively before becoming
length scale is used. First note that the rupture occurs dtighly stretched. Finally, as indicated in Table I, note that the
different points along the filament, indicating that the processnaximum length attained before breakup increases with pull-
is random and an indirect function of the particular sequencéng speed, while the time to rupture decreases, presumably
of fluctuating positions and velocities in each case and, furbecause the higher stress allows more molecules to be
thermore, that there is no special defect associated with thetretched.
sample preparation. At these higher speeds, the stagnant end
regions do not develop, and more molecules are available to IV. CONSTANT-STRAIN-RATE STRETCHING
the central portion of the filament, allowing it to attain longer
strains before rupture. Here the ends are steadily drawn out, The more common experimental protocol in liquid bridge
leaving a central region that does expand but at a distinctlgystems is stretching at constant strain rates L (t)/L(t),
slower speed, and begins to evolve into isolated drops. In thipading to an exponential increase in length and velocity.
central region, relatively rapid thinning occurs at several in-Ostensibly, the motivation is to provide a “constant-strain
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FIG. 7. Stress tensor components vs axial position in the constant-velocity deformation of Fig. 1 at time @5@Rwise from upper
left: pressure ), radial (r), axial (z2), and shearrz) stress.

environment” for the liquid, to facilitate study of its exten-
sional rheology, although in practid8,10] the strain can
often be very unevenly distributed. In Fig. 10 we show some

of the time sequence of shapes observed at a strairiedsate

=0.0017" 1. The evolution combines features of the various
- constant velocity deformations presented above: the filament

narrows in the center and eventually ruptures there due to

N attenuation of molecules, but at the same time the end re-

howm—y
ottt ER—

h_m____‘ P——m-‘
P ———i

FIG. 8. Sequence of filament shapes in a constant-velocity de- FIG. 9. Sequence of flament shapes in a constant-velocity de-
formation at pulling speed,=0.1%/7, at times 0, 450, 950r, formation at pulling speed,=0.50/, at times 0, 108, 400r,
1770r, 1870r, and 2045. 700r, 900r, and 1000.
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FIG. 10. Sequence of filament shapes in a constant-strain-rate

deformation ate,=0.001r"%, at times 0, 650, 1300r, 1950r, 0 500 1000 1500 2000
2150r, and 2256. (@ t

gions are not translating stagnantly, but rather stretch at a
slower rate than the bulk, and at the time of rupture are
themselves in the process of thinning and presumably would
eventually break up due to the Rayleigh instability.

The distinction between constant-velocity and constant-
strain deformations is that in the former case the strain rate
(and stressdecreases with time, so that after an initial stage
where the system is pulled out of its equilibrium configura-
tion, the molecules can relax back; see Fig. 4. In the present
case, the stress is ostensibly constant, and the molecules are
increasingly elongated and oriented with no configurational
relaxation until nearly the time of rupture, as shown in Fig.
11. The behavior of the velocity profiles is also consistent
with these remarks; as seen in Fig. 12, the velocity is closer
toa I_mear variation along the axis for a considerably longer 0.4 o e
time interval. (b) ¢

A somewhat related MD study22] of the elongation and
relaxation of a model polymer melt considered chains of 30 FIG. 11. Mean molecular end-to-end length and orientation
monomers using the same interactions as in this pépér angle vs time in the constant-strain deformation of Fig. 10.
with a shortr,=2Y6¢ LJ cutoff). Instead of simulating the

explicit stretching of filaments, a nonequilibrium MD \opavior is found in the other cases as well. Given that the

method was used to apply a cqnstant-stram uniaxial elqng"’}hitial simulated filament was prepared by an equilibration
tion to a homogeneous system in a box. Among other th'ngsprocedure involving the relaxation of a dilute high-

the_ behavior of the chain sideadius Qf gyratlom an_d orien- temperature melt, it is difficult to see how the final state here
tation was measured, and the qualitative behavior is similar

to that seen here. The elongation and degree of orientatioWOUId il if‘ any statistically significant way, other than
increased monotonically during the flow, at a rate which in_per:aﬁs ;he time needed tc()j.]rcfeach Itb havi
creased monotonically with the strain rate, and then relaxeP]I .t 'gher strain rates ad erent. ehavior appears, a co-
monotonically when the flow was turned off. esive failure of the_ melfn in the r?glon where the molgcules
We have briefly considered the question of recoverablé'® tethered to pulling sites. In Fig. 13, at the strain kte
strain[6] in this simulation, by releasing the tethered mono-=0.-004, there is a rapid thinning at the ends of the filament
mers after rupture and allowing the liquid to take up a newl€aving a central stagnant region showing the onset of a Ray-
equilibrium shape without external stress. If the filament isleigh instability, while the thin necks attaching this region to
released well before rupture, it seems to withdraw into #h€ ends attenuate until breakup. At the same time, some of
sphere, whereas if released just before rupture, the thinningﬂ? tethered molecules are pulled out of the filament, and the
neck continues to thin, rupture occurs anyway, and after uid bodies at the ends have not had time to_ relax to an
wards the liquid appears to be withdrawing into two spheresequilibrium shape. At the still higher strain ratg=0.01
Here the phrase “appears to be” means that as a function agfhown in Fig. 14, the tethered molecules are simply pulled
time the liquid shape is tending towards one or two spherefree of the rest of the filament, and rapid rupture occurs. The
at the original liquid density, but the process is so slow tharupture times and lengths for the various cases are recorded
we have not followed it all the way to equilibrium. Similar in Table I.
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FIG. 12. Velocity vs axial position in the constant-velocity deformation of Fig. 10 at the times indicated. Each curve represetitsea 50
average.

V. FORCE MEASUREMENTS moving tether sites by stiff springs, whose force is very sen-

As an alternative to the stress fields, we have studied the'tive 1o small atomic dl_splapements. L
forces from a more direct viewpoint on the monomer scale In the_ constant-_velocny simulations the r_esult IS S|mpl_e—
Th . : : Ehe pulling force is roughly constant in time, fluctuating
e quantity of perhaps most direct experimental relevanc L : ) )
is the pulling force exerted on the tethers at the ends. Whil bout a_value Wh'.Ch is approximately Ime_z_;lrly prop_ort|onal to
this quantity is easy to evaluate in the simulations, it is un- e pulling velocity. At the three velocities studied, 0.05,
fortunately quite noisy. Aside from the problem noted above

of large atomic-level force fluctuations, in general, here the -
procedure used to generate the motion exacerbates the pro
lem. The atoms at the ends of the filament are attached tc ~

- P
Py =R e —
ii----llIIlll.lll.llllllln---ul‘
P et T s |
B A —g—— ——ennl)

FIG. 13. Sequence of filament shapes in a constant-strain-rate FIG. 14. Sequence of filament shapes in a constant-strain-rate

deformation a'ko=0.004r’l, at times 0, 295, 5957, 6687, 743r, deformation at'50=0.017-’1, at times 0, 98, 1757, 225, 240r,
and 763. and 253
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0.15, and 0.6/, the force per pulled monomer is measured FIG. 16. Axial force as a function of axial position in the fila-
to be 2.72:0.16, 7.3%0.24, and 24.20.25/0, respec- ment shown in Fig. 10, at time 2150
tively. [Typical values of the instantaneous force on a mono-
mer at this density and temperature @€l —10) in this unit,  |ation at time 2150, averaged over a 16Gime interval and
while its time-averaged values over a ¥Oterval are an  a 60 spatial interval along the axis. The force on the end
order of magnitude smallgrOne can rationalize the time regions containing the tethered monomer shows large spatial
constancy of the force by arguing that in this case the moland temporal fluctuations for the reasons given at the begin-
ecules are moving past each other with a roughly fixed valu@ing of this section, and these two regions have been sup-
of relative velocity, and since the material is a viscous liquidpressed in this plot. Aside from the fluctuations, the trend is
in a low Reynolds number flow, there is a constant drag forcex roughly linear ramp with positivénegative values corre-
on each molecule. sponding to the halves of the filament moving to the right
In contrast, in the constant-strain-rate cases there is a nogleft). As a function of time, the fluctuations shift around
trivial time variation. For example, as shown in Fig. 15 for apparently randomly, and the height of the ramp is roughly
the lowest rategozo_oojfl, the tether force jumps to a constant in time. At higher strain rates, the analogous plot is
finite value once the force is applied, then increases wittfagain a fluctuating quasilinear ramp in its central region, but
time until about 1750. After a sharp drop, the force again shows rapid spatial fluctuations near the ends, corresponding
increases until rupture. Referring to Fig. 10, after this transiio molecules being pulled out there. In contrast, in the
tion time the right and left sides of the filament are approxi-constant-velocity simulations there is always a linear ramp as
mately translating without a significant shape change, whilé function ofz and, furthermore, at different pulling speeds
the central region thins down to nothing. The early increaséhe ramp height is roughly linear in velocity.
can then be associated with strain harderii®g.0] and the
shape deformation of the entire liquid filament, the sharp
drop with relaxation of stress after some internal readjust-
ment and formation of the central neck, the second increase We have discussed the results of molecular simulations of
with the strain hardening of the central thinner region, anda liquid filament of a model polymer melt stretched to the
the final dropoff with rupture. At the next highest strain point of rupture. These model systems are composed of non-
value, 0.004 1, the numerical values of the tether force arebreakable, freely jointed, entangled chains, and the rupture
comparable, and the tether force shows a similar variatiomprocess typically involves ductile failure of some sort. Here
with a corresponding drop at about G0Ghe time at which we observed these filaments stretch into a very nonuniform
(see Fig. 1B the central region of the filament halts and shape, with one or more thin necked regions, and then fail
ceases to change its shape while the regions to either sidghen one of the necks simply attenuates down to nothing.
continue to elongate. At still higher strain rates there is ndVlore precisely, during the stretching process the thinning
obvious pattern to the tether force evolution; the fragmentaneck regions are populated with well-extended chain mol-
tion of the regions near the tethers makes it difficult to iden-ecules lying roughly parallel to the extension axis, which are
tify simple mechanisms. drawn past each other to one side or the other by their re-
We can also compute the forces in the interior of thespective interacting neighbors. Eventually the filament is
filament, and in Fig. 16 we show an example of the force inheld together by only a few such adjacent elongated chains,
the axial direction in the&y=0.001 constant-strain-rate simu- and splits once these slide past each other. In analogous ear-

VI. CONCLUSIONS
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lier simulations in systems of melts or solutions based orstates,” at least near the tethers where rupture occurs.
shorter length molecule@p to 20 monomeyps presumably The filament shapes observed here seem unusually irregu-
unentangled, a more familiar form of ductile fracture waslar compared to those studied elsewhere, and in no case do
observed, in which a neck several molecules in thickness/e observe a long neck of nearly constant diameter. Note,
separated into two piecg¢s0]. In that case, a model solution however, that these simulations begin with a liquid sample
was able to attain the longest lengths prior to breakup, andhose diameter is already in the nanometer range, and so
there one could see that the fully extended longer moleculethese results should at best be compared to the last, usually
acted as a backbone that stiffened the filament, and breakageorly-quantified stages of typical laboratory studies. The
occurred when the filament was extended to the point whersurface irregularities and fluctuations are, however, quite
these backbone molecules were no longer in contact witlcharacteristic of molecular simulations of moving micro-
each other. scopic liquid bodies with free surfac$8,23]. As a conse-

In continuum terms, the neck thins under a combinatiomguence of these fluctuations, the measured continuum fields
of mass transfer due to outflow afBayleigh capillary in-  show sulfficiently large statistical fluctuations as to be non-
stability. The outflow, in an idealized unidirectional flow trivial to understand even qualitatively. Even microscopic
situation, would lead to a filament thinning uniformly and measurements that do yield a smooth result, such as the
exponentially in time, at a rate controlled by the imposed endrariation of minimum filament radius with time, are not in
velocities, whereas realistic fluid mechanical calculatigHs agreement with continuum calculations. The molecular level
give power-law thinning rates, whose scale is again fixed bynformation is likewise fluctuating, but does seems to be
the external stretching rate and a nonconstant but monotonieadily interpretable at this scale.
radius variation along the axis near the rupture point. The Another issue in comparing these results to laboratory
Rayleigh instability is present with or without flow, and measurements is the pulling speed involved. Although the
originates in the fact that a fixed volume liquid cylinder re- standard dimensionless groups characterizing these flows,
duces its surface area by breaking up into spheres, and tee Reynolds, Deborah, and capillary numbers, are similar to
driven by surface tension while viscosity resists the flow. Inthose considered elsewhere, there is quite a difference in
general, both mechanisms are present and one expects Raglocities. In typical liquid flows, the drift or peculiar veloc-
leigh instabilities to be important at low pulling speeds, ity is a small fraction of the thermal velocity of the mono-
while thinning (or other mechanisms such as a fracture mers, but here, particularly in the late stages of the constant-
should dominate at higher velocities. In the present simulastrain simulations, the tether velocity approaches the thermal
tions thinning is always the rupture mechanism, because theelocity, O(1c/7). The severe fragmentation of the end re-
late stages always resemble Fig. 2, but signs of incipiengions of the filament is presumably one aspect of this high
capillary instability are always present as well. The growthspeed, but a second is that surface tension effects, which
rate of the fastest instability mode for a continuum Newton-would ordinarily smooth a free surface, may not have time to
ian liquid otherwise at rest is approximately24] act.
al6Ru(0)~10 °7~ 1 here, somewhat smaller than observed
in the simulations, and again any number of factors could
account for the discrepancy.

In terms of the classification of failure zones by Malkin ~ We thank M. M. Denn for discussions, the NASA Office
and Petrig 6], the constant velocity and lowest-rate constant-of Physical and Biological Sciences for financial support,
strain runs are in the “flow zone,” where viscous deforma-and the NASA Advanced Supercomputing Division at the
tion can proceed indefinitely, provided there is enough liquid Ames Research Center and NPACI at the San Diego Super-
The two runs at higher constant strain appear to have “glassgomputer Center for providing computational resources.
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