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Void nucleation and disentanglement in glassy amorphous polymers
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Cavitation in glassy polymers is known to result from highly triaxial states of local stress and the presence
of impurities. Understanding of cavitation, particularly void nucleation, is important as cavities are precursors
to crazes, which in turn lead to fracture. In this work we study the early stages of void nucleation in glassy
amorphous polymers by imposing, in well designed molecular dynamics simulations, highly triaxial states of
stress on ensembles of entangled linear macromolecular chains and monitoring the evolution of the entangle-
ment network. Our results demonstrate that deformation induced disentanglement and rearrangement of topo-
logical constraints along individual chains play an important role in the early stages of void nucleation. Even
in the glassy state, deformation causes significant changes in the rheological constraints on a chain though the
number of interchain binary contacts may not change much.
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I. INTRODUCTION

Crazing is an important failure mechanism in glassy poly-
mers which involves the formation of crack-like defects
bridged by numerous thin stress carrying fibrils. Crazes are
known to nucleate at locations where the hydrostatic stress is
high. Though it is not clear if the presence of high hydro-
static stress is sufficient for nucleation, craze initiation crite-
ria have been proposed (see, e.g., [1]) that imply impossibil-
ity of crazing under deviatoric stress states. The importance
of the hydrostatic stress state stems from the fact that craze
nucleation is preceded by cavitation [2], which in turn is
aided by the presence of embedded dust particles or other
impurities [3].

There are a number of views on how the first cavities
come about in an amorphous polymer well below its glass
transition temperature 7,. According to Argon [3], crazes
nucleate when a critical amount of porosity is attained in
thermally activated shear patches which cavitate when their
ends are blocked. Gent [4] conjectured that the locally high
hydrostatic stress levels close to a crack or flaw leads to a
local diminution in 7, causing the material to turn rubbery
and hence more prone to cavitation. Dettenmaier and Kausch
[5] and Dettenmaier [6] proposed a mechanism of crazing
that operates through stress-induced disentanglement of
chains at high levels of strain and temperatures close to but
below T,

As has been amply demonstrated by Kramer and co-
workers (see, e.g., [7]), the extension ratios of crazes in a
particular polymer are correlated with the maximum exten-
sion ratio of a strand between two entanglement points. This
implies that the underlying entanglement network formed by
the macromolecules plays a very significant role in craze
widening. However, the role of the entanglement network in
the early stages of cavitation that precedes craze growth has
not been adequately discussed in the literature.

In this paper we study the micromechanics of the very
early stages of cavitation in glassy polymers through mo-
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lecular dynamics (MD) simulations. In particular, we subject
ensembles of entangled macromolecules to a combination of
high hydrostatic stresses superposed on uniaxial tension. The
imposed triaxial state of stress promotes cavitation and si-
multaneously, we follow the evolution of the entanglement
network with deformation. Recent developments [8—11] al-
low us to quantitatively estimate various parameters pertain-
ing to the entanglement network, especially the entanglement
length N,. Careful characterization of the entanglement net-
work at various levels of deformation reveal that deforma-
tion induced disentanglement of chains occur in the glassy
regime and indeed, cavitation in glassy polymers is an out-
come of both disentanglement and rearrangement of en-
tanglement points during deformation. The consequences of
this finding are discussed in detail.

The paper is organized in the following manner. In the
next section we briefly outline the force fields used for our
MD simulations and the methods of sample generation em-
ployed. The various techniques adopted for characterizing
entanglement networks are detailed and discussed in Sec. III.
Important results from our analyses and discussions on them
are presented in Sec. IV while the salient conclusions are
enumerated in Sec. V

II. COMPUTATIONAL PROCEDURE

In this section we will briefly describe the force field and
generation techniques adopted for ensembles of linear mac-
romolecular chains. The reader is referred to Mahajan and
Basu [12] for a more detailed account. It should be noted that
generation of reliable glassy samples of macromolecules
starts from generation of a sample at a temperature well
above T, that is well equilibrated at short and long length
scales. This sample is then quenched slowly to a temperature
below T,. The extent to which short and long range equili-
bration is achieved above T,, rates of quenching, sample
size, and the rate of deformation at the glassy temperature all
play important roles in determining the deformation behavior
of the glassy sample. These issues have been discussed in
detail in Mahajan and Basu [13].
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FIG. 1. (Color online) Schematic explaining the notation used in
Eq. (1).

In this work we use a detailed atomistic model of a poly-
mer for which the total internal energy is given by,

nb ﬂg I’l¢
U= 2 U (r [IJ]) + 2 U 9[le]) + E U ¢(¢[1JKL])
[1/]=1 [1IK]=1 [IJKL]=1
nyaw
+ 2 UvdW(”[IM])~ (1)

[IM]=1

The atom numbering used in the above equation is also
shown in Fig. 1. We use the notation [/J...] to denote the
index of a group of atoms /,/,... forming a bond. Thus [1/]
denotes the index of a particular intrachain bond that con-
nects atoms / and J while r;; is the distance between them.
Similarly ny and ng4 denote the number of bond and dihedral
angles while [1JK] and [IJKL)] are indices labeling particular
instances of interacting, bonded atom groups. The number of
nonbonded pairs is denoted by n,,y where M and I can be in
located on different chains or be a non bonded pair on the
same chain.

Though we do not intend to simulate a particular polymer,
the force field parameters chosen closely resemble those for
polyethylene (PE) (see, [14]]) and atoms within a chain have
masses equivalent to CH, while end atoms have masses cor-
responding to CHj. Polyethylene is the simplest detailed
macromolecular system and has been studied for its me-
chanical properties by several authors (e.g., [15-17], among
others). In principle, any macromolecule can be coarse
grained into a PE-like system with a different set of force
field parameters (see, [ 18-21], for examples of such efforts).

Furthermore, we use uppercase Roman letters for atom
indices and Greek superscripts for vector or tensor compo-
nents. Using this convention and the notation introduced in
Fig. 1, the force field consists of

(1) A harmonic bond stretching potential between any two
consecutive atoms I and J in a chain of the form:

1
Ub(r[ll]) = Ekb(r[ll] - ”o)za (2)
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where r is the equilibrium bond length and k;, is the bond
stiffness. In this work, we choose k,=2745 kJ A2 mol™!
and r,=1.53 A for all bonds.

(2) A bond bending potential, also assumed to be har-
monic, with an equilibrium bond angle 6, defined as

1
U Ousx)] = Eka{COS[ O] — cos( )}, (3)

where k=749 kJ mol™! and 6,=113.3°.
(3) A torsion potential of the form,

1 1
U ¢[¢(1JKL)] = EAI{l + COS[¢(IJKL)]} + EAz{l - COS[2¢(1JKL)]}

1
+ 5143{1 +cos[3 ¢(IJKL)]}v (4)

with A;=7.86, A,=—4.36, and A;=15.56 kJ mol~! being
used in this work.
(4) A nonbonded Lenard Jones (LJ) potential of the form:

12 6
UUdW(r[IM])=4€|:<L> - (L) } (5)
im) M)

In the LJ equation, 0=3.76 A and €=0.88 kJ mol™' be-
tween end atoms while 0=4.06 A and €=0.36 kJ mol™" be-
tween all other nonbonded atoms. In all calculations, a van
der Waals cutoff radius r, of 6 A is used.

All NVT simulations are performed using a Nose-Hoover
thermostat with time constant 77=0.5 ps while NP7 simula-
tions additionally use a Nose-Hoover barostat with the time
constant 7p=77. Integration of the Newtonian equations of
motion are performed with the leapfrog variant of the veloc-
ity Verlet algorithm with a typical time step of Ar=2 fs.
Periodic boundary conditions are used in all analyses re-
ported. The various macromolecular samples studied in this
work have chain lengths N of 200, 500, and 1000, with total
number of monomers as 32000.

The procedure adopted for generating macromolecular
samples closely resembles that described by Auhl et al. [22].
This method attempts to control the configurational statistics
of the ensembles generated with a view to producing well
equilibrated internal structures at long and short length
scales. The protocol for generating the ensembles involves a
number of steps which are detailed in Mahajan and Basu
[12]. Following these steps, well equilibrated ensembles with
N=200, 500, and 1000 atoms were created. As discussed in
Auhl er al. [22], equilibration of samples with N>200 is
especially difficult. The quality of the equilibration is judged
on several counts. Constancy of the total system energy, vol-
ume, pressure, and temperature over time, equilibration of
the structure at small length scales (i.e., attainment of sharply
peaked distributions for bond lengths, angles and dihedrals
with the peaks coinciding with the minimum energy loca-
tions in U, Uy, and U, 4,) are some of the most basic criteria.
Additionally, the variation of end to end distance (R*(n))
(calculated on chain segments of size n, ne[1,N]), is ex-
pected to attain a constant value of C., at large n, irrespective
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of the chain length N. We have already demonstrated in Ma-
hajan and Basu [12] that all our samples fulfill this require-
ment and attain a C., of slightly above 7.

After the samples at 400 K are equilibrated, they are
quenched to 100 K at 1.5 K/ps (which amounts to a decrease
of 0.003 K per MD step). The samples undergo a glass tran-
sition close to T,=230 K (the exact value of T, is weakly
dependent on the chain length at least in the range of cooling
rates used in this work) and glassy samples are obtained at
100 K. It should be noted that the quenching rate used has an
effect on the stress strain response [13] that we seek to ob-
tain. This assumes importance in studies of aging (as will be
demonstrated in a forthcoming paper) and should not con-
cern us here. However, interestingly, recent Monte Carlo
simulations on amorphous PE by Alexiadis er al. [23] yield
T,=230%=10 K which, in turn is close to the experimentally
observed value of 237 K [24] in the limit of zero crystallin-
ity.

The periodic boxes quenched to glassy temperature of 100
K are subjected to deformations where the stretch rates \ are
controlled to be of the form

A=\ and
N=N=0, (6)
where,
Y
= t—°H(z,— 1). (7)

In the above equation, H(x) is the Heaviside function which
is unity for positive x and zero otherwise. The principal
stretch in the 3 direction is N which is ramped up to \( in a
time ¢,. Note that as A* and N’ are kept fixed at zero, the
periodic box is not allowed to contract in the transverse di-
rection. This creates a state of stress with a large triaxial part
and hence promotes cavitation.

The glassy samples at 100 K are strained such that the
total time of the simulation is ¢, which means that the Heavi-
side function is unity all through the simulation. This in-
volves increasing the periodic cell dimension at every MD
step in the 3 direction at a rate of 50 m/s leading to an
approximate strain rate of 5X 107 ps~'.

III. CHARACTERIZATION OF THE ENTANGLEMENT
NETWORK

Typical experimental estimates of the entanglement length
N,, are based on the plateau modulus G?V as

56y

e (8)
where, kg denotes the Boltzmann constant, 7=p/ M, p being
the density of the polymer and M|, the weight of a monomer.
The entanglement length can also be estimated by reducing
all macromolecular chains in an ensemble to their primitive
paths (PP). Primitive path is the shortest path a chain fixed at
its ends can follow without crossing any other chain in the
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ensemble. Computational techniques for the reduction of an
ensemble of macromolecules to a network of PPs has been
accomplished by Sukumaran et al. [8], Kroger [9], Tzou-
manekas and Theodorou [11], Everaers er al. [25], Shanbhag
and Larson [26]. A brief description of the technique used by
us is in place here and is presented below.

We closely follow the method outlined by Sukumaran et
al. [8], adapted to the force field used in this work. The
process involves the following steps:

(1) Samples with N=200 to 1000, equilibrated in the man-
ner and using the force field described above, are chosen.

(2) In an ensemble, the end points of all chains are fixed
so that the end to end distances remain unchanged through
the subsequent processes.

(3) All intrachain nonbonded interactions as well as the
dihedral and angular potentials [Egs. (3) and (4)] are turned
off.

(4) The equilibrium bond length r, [Eq. (2)] and the tem-
perature are slowly reduced to zero. In our case, we reduced
the bond length ry from 1.53 to 0.05 A while the final tem-
perature attained was 10 K. The re-equilibriation to 10 K was
achieved in about 100 000A¢, where At denotes the time step
used. Note that the gradual reduction of ry is necessitated by
the fact that we use a bond stretching potential that has a
minimum at a nonzero length, unlike Sukumaran et al. [8].

As the chain ends are held fixed, attempts to equilibrate
the system to a small r results in all chains being pulled taut.
At the same time, the inferchain nonbonded interactions pre-
vent the chains from crossing each other, finally producing a
network of PPs. It was verified that for all the chain lengths
used, lowering 7, below 0.05 A did not change the average
bond length to any significant degree. Also, at ro=0.05 A
and T=10 K, all bond angles and dihedrals cluster around
180°.

After obtaining the PPs, the entanglement length is deter-
mined using the relation

(R,
(Lyp)*”
where, R,, is the end to end distance and L,, the contour
length of the PP of a chain, while { ) denotes an average over
the ensemble. The above relation assumes that the PPs are,
on an average, random walks with step lengths equal to N7,
The superscript to the value of N, is justified by the fact that
the entanglement length obtained by the above formula
agrees well with rheological measures derived from Eq. (8)
for long chains.

In a previous paper Mahajan and Basu [12], we have used
the force field described in Sec. II and Eq. (8) to calculate N,
for N ranging from 90 to 1000 at 400 K. Though this method
is prone to large margins of error especially at short chain
lengths, the value of Ngheo, at large N, attains a length inde-
pendent value of about 40(=*3). The Eq. (9) yields a N;heo of
43 at N=1000. In fact, values of entanglement length ob-
tained from Eq. (9) at all N, match those obtained from the
plateau modulus quite closely.

An alternative to Eq. (9) is provided by approaches where
N, is derived by directly ‘counting’ the number of internal

Np°=(N-1) )
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TABLE 1. Comparison between the values of entanglement length obtained by various methods.

N 200 500 1000
Temperature 100 K 400 K 100 K 400 K 100 K 400 K
From Egq. (8) 70+ 15 42+7 40+3
From Eq. (9) 47 48 41 43 41 43
From Eq. (10) 23 23 20 21 20 20

kinks Q on every chain in a network of PPs. These kinks are
identified as contacts between PPs (see, e.g., [9,11,26,27]).
As pointed out by Hoy er al. [10], these methods yield the
average number of entanglements per chain (Q). To obtain
N, we will use the simple estimator,

N

[()p() -

e < Q) 4 (10)
proposed by Hoy et al. [10]. The values of entanglement
length for various chain lengths and obtained by Egs.
(8)—(10) are listed in Table I. Note that while the values of
entanglement length obtained by Egs. (9) and (8) are close to
each other [the values from Eq. (9) and (8) are close for N
=500], the value of Nte°p° are much lower.

Hoy er al. [10] discusses the need for and merits of sev-
eral improved estimators for entanglement length. Geometri-
cal methods to enumerate the number of entanglements in-
clude schemes like CReTA [11] and Z1 [9]. The Z1 code due
to Kroger [9] uses a set of geometric operations to simulta-
neously reduce the length of all chains and keep track of
potentially intersecting segments. The code carries on the
iterations over all chains in an ensemble till no more changes
to the Euclidean lengths of the chains are possible. The out-
come of the code is the number of “kinks” Q on every chain
and hence the average (Q).

As already noted, Eq. (9) yields a value of N™ which is
typically higher than that obtained from direct enumeration
methods like N'°P° by a factor of about 2-2.5. Tzoumanekas
and Theodorou [11] discusses this discrepancy at length. As
estimates from Egs. (8) and (9) agree quite well, it is reason-
able to assume that N is related to the number of effective
entanglements along a chain that restrict its motion. How-
ever, each rheological entanglement, on an average, is con-
stituted of 2-2.5 topological constraints which simply are
binary contacts between PPs and show up as kinks on it. A
binary contact between two chains (which is what is counted
by NP is not enough to act as a strong enough constraint to
restrict the motion of the chains. Several such closely spaced
binary contacts may be needed to act as sufficient constraint
to the chain’s motion. These group of binary contacts will act
as one constraining point and their numbers are counted by
N™¢°_Loosely speaking, in order to affect a constraint on the
motion of a chain it is necessary to have multiple binary
topological contacts and hence, interactions with a large
number of neighboring chains. The distinction between N™°
and N\ will have important bearing on the interpretation of
results to be discussed in the following.

IV. RESULTS AND DISCUSSIONS

We are primarily interested in the evolution of the en-
tanglement length with deformation of a polymer in the
glassy state. To this end, we first quench a sample prepared at
400 K to a glassy temperature of 100 K. The glassy sample is
then subjected to a triaxial state of stress as given by Eq. (6)
which is conducive to the nucleation of voids. At different
stages of the deformation \, we perform PP analyses in the
manner described in the previous section to determine N,
Further, NP is obtained at the same value of \ by using the
Z1 code [9] and Eq. (10).

Figure 2 shows the values of both rheological and topo-
logical values of entanglement length obtained from a
sample with N=500 at various levels of N\. Primitive Path
analyses have been conducted at intervals of 10% strain in
both cases. At A=1, the glassy sample has almost the same
value of N™°=45 as the sample at 400 K, indicating that the
entanglement network existing above T, remains intact and
simply freezes into the glassy state as the sample is
quenched. This is also evident from the values of entangle-
ment length for various values of N listed in Table I.

However, N™ changes almost linearly with \, attaining a
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FIG. 2. Variation of N, with uniaxial deformation, where N"™° is
based on Eq. (9), while N\ is obtained from Eq. (10).
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Blue chain.

- Red chain

Yellow chain

FIG. 3. (Color online) Deformed configuration at \=1.0 (a), 1.5
(b), and 2.0 (c). Three chains are colored yellow, blue and red to
facilitate reference in the text.

value of above 63 at =2, indicating a significant decrease in
the density of entanglements. Interestingly, throughout the
deformation history, N\°*°, also shown in Fig. 2 and calcu-
lated at the same levels of A, shows only a slight, almost
imperceptible, increase. Thus, a rheological entanglement
which was equivalent to about 2 topological ones at the start
of the deformation, is related to about 3.1 topological en-
tanglements at the end.

The above figure demonstrates that deformation induces
loss of rheological entanglements. This is further illustrated
by Figs. 3(a)-3(c), where deformed configurations of the ini-
tially cubic periodic simulation box is shown at A=1, 1.5,
and 2.0 for N=200. Clearly, the high triaxiality imposed by
the deformation leads to the nucleation and growth of a
voided region slightly above the center of the box. We have
also identified three chains on the basis of their situation at
A=2 and have colored them differently. The yellow chain
lies in the bulk at A=2. The blue and red chains lie in the
voided region but while one end of the blue chain has pulled
out from the bulk at A=2, the red chain is firmly anchored.

Further, in Fig. 4, we show the variation in the total num-
ber of kinks Q with height at the three values of A. To obtain
these curves, the entire height of the box has been divided
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into along the z-direction into ten slabs of equal thickness
and the quantity Q in the abscissa denotes the number of
kinks falling within each slab. Again, in spite of the noisy
nature of the data, there is clearly a drop in the number of
kinks or topological entanglements at the location of the
emerging void. At the onset the number of kinks is uniformly
distributed over the height of the sample. As the void devel-
ops, there is a drop in the number of kinks (implying that
chain segments are becoming taut in this region) at the loca-
tion of the void accompanied by an increase in nonvoided
regions at the bottom of the box.

It should be noted at this point that, though the number of
kinks at the location of the void is low, globally the number
of kinks remains almost the same throughout the deforma-
tion history. To understand how this happens, we chose the
three chains identified above and shown in Fig. 5. Shown
schematically in Fig. 5 are the locations of the kinks along
these chains at A=1 and 2. For the chain that remains in the
bulk all through the deformation, the kinks redistribute with
deformation but long gaps do not open up. For a few suitably
located “lucky” chains, the redistribution might lead to long
gaps opening up either in the middle of the chain (e.g., the
red chain) or chain ends (e.g., blue chain). If these gaps open
up in the middle of the chain, the portion freed of entangle-
ments and unhindered by interchain nonbonded interactions
may uncoil and stretch while the ends remain firmly an-
chored. This will continue till either the ends pull out or the
chain breaks. Gaps opening up at the ends cause the chain to
pull out of the bulk as in the case of the lower end of the blue
chain. Similar disentanglement behavior has been reported in
case of reinforced polymer-substrate interfaces by Terzis et
al. [28].

While some amount of redistribution of kinks happen for
all chains in an ensemble (e.g., the yellow chain in the bulk),
dramatic rearrangements are more localized (as in the voided
part in Fig. 3). It is not clear why a particular location is
favored for the rearrangement of kinks but localized chain
slippage and void nucleation is definitely aided by triaxiality
as similar events are not observed in incompressible defor-
mations. At this stage it is not clear how a “lucky” chain is
selected. It may be related to the fact that the local level of
triaxiality is higher at the location of the chain or it is located
in a region with a locally high concentration of chain ends.

For all the chains that have a part in the eventual location
of the void, the scenario discussed above is true. With all the
topological entanglements clustered at the ends of these
chains, the effective rheological constraint on these chains is
much weaker than on others. For example, for the red chain
there are effectively two entanglements at its two ends while
for the blue one, there is effectively one at the middle. We
believe that such “lucky” chains cause the overall rheologi-
cal entanglement density to drop and the consequent increase
in N with deformation.

We have also calculated the stress components, particu-
larly %%, based on various volume measures as shown by the
curves in Fig. 6. The stress tensor 3“(a,B=x,y or z) is
calculated using the formula [29]
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FIG. 4. Variation of total num-
ber of kinks Q in slabs of equal
thickness along the z-direction
with .
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where () is a volume. When calculating the overall macro-
stresses 25 .. () is taken to be the volume of the entire
simulation box. For calculating micro or local stresses, () is
taken to be the volume of a subset of the entire box [29].
Long range corrections are used to calculate the stress ten-
sors. Also shown in Fig. 6 is the overall macrostress carried

by the sample, which is calculated based on the entire vol-

w
=]
S

ume. The dashed curve is a measure of microstress computed
using a volume that lies entirely in the voided region (shown
circled in inset) while the dash-dotted curve is based on a
volume that lies entirely in the bulk. The latter curve does
not show any hardening while the former hardens steeply.
The hardening is entirely attributable to the presence of end
anchored chains that are devoid of entanglements in the
middle and can stretch in a manner akin to rubber molecules.
The macrostress, which is the average of all the micros-
tresses, follows the dash-dotted curve closely. It should how-
ever, be noted that though the overall response does not ex-
hibit hardening, there are steeply hardening regions
embedded in the material.

V. CONCLUSIONS

We have investigated the role of deformation induced dis-
entanglement in the first stages of void nucleation in glassy
polymers. The following important facts have come to light
from this investigation:

(1) Under highly triaxial states of stress, deformation in-
duced disentanglement has an important role to play in the
nucleation of voids in glassy polymers.

(2) The distinction between topological entanglements
(which are binary contacts between chains) and rheological
entanglements assume importance in this context. Deforma-

o 00000 ®

FIG. 5. (Color online) The lo-
cation of entanglement points are

®
®
®
®
®
®

marked by solid circles on the
three chains marked yellow, red

and blue in Fig. 3. The position of
entanglement points are shown at
A=1.0 and A=2.0 for each chain.
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FIG. 6. (Color online) The
stress carried by the whole and
two different sub region of the
simulation box in Fig. 3 plotted
against the logarithmic stretch
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tion (at least up to the stages that have been simulated here,
i.e., A=2) seems to reduce the number of rheological en-
tanglements keeping the number of topological entangle-
ments constant.

(3) While loss and rearrangement of topological entangle-
ments take place throughout the ensemble, at certain “favor-
able” locations the rearrangement is dramatic. Such rear-
rangements leave long portions of a number of chains free of
entanglements while all topological entanglements move to
their ends, anchoring them firmly.

(4) Thus “voided” regions are created from which all
chains have slipped away except a few that are firmly an-
chored at the ends and pulled taut. On further deformation,
even these chains might either break or pull out from the
bulk enabling the void to expand even more easily.

(5) The taut chains carry a large stress especially at large
strains. On the contrary, chains in the bulk do not harden.

Two immediate consequences of our results merit mention
here. First, constitutive models for glassy polymers are often
formulated on the premise that a glassy polymer is a network
of macromolecular chains embedded in an elastoviscoplastic
matrix and at large levels of deformation, significant stress

carrying capacity is derived from the stretching of the net-
work. The network is formed of chain strands held together
at fixed entanglement points and the prospect of loss or slip-
page of entanglements is not generally considered. Our re-
sults show that even in the glassy state, the entanglement
network evolves with deformation and realistic constitutive
models need to account for the dissipation due to slippage of
chains and loss of entanglements and/or scission of chains.

Second, cavitation criteria are frequently formulated in
terms of the state of stress, particularly the mean stress. Our
results point to the fact that cavitation in glassy amorphous
polymers may be additionally related to the entanglement
length, scission strength etc. of the macromolecule being
studied thus yielding a more polymer-specific cavitation cri-
terion.
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