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Molecular dynamics simulation of the first stages
of the cavitation process in amorphous polymers

B. SIXOU*

INSA, MATEIS, Batiment Blaise Pascal, UMR CNRS 5510, 20 Avenue Einstein, Villeurbanne Cedex 69621, France

(Received May 2007; in final form May 2007)

The first stages of the cavitation process in amorphous polymers submitted to an hydrostatic deformation in the glassy state
are studied with coarse grain molecular dynamics simulations for various intermolecular interactions strengths and flexible
and semi-flexible chains. For strong intermolecular interactions, the cavitation process is highly localized and the holes have a
marked spherical symmetry. The cavitation regions are more diffuse for weaker intermolecular interactions or when the chain
stiffness is increased. The mean Voronoı̈ polyhedra volume and the disorder inside the polymer increase until the stress peak
observed below the glass transition. High mobility regions are present before the stress peak that may act as nucleation sites
for the cavitation process. The localization of these high mobility zones is enhanced for strong intermolecular interactions or
a low chain rigidity. Moreover, the velocity fluctuations are more marked in the vicinity of the holes. For strong
intermolecular interactions, the holes are not randomly distributed throughout the system and the nucleation of cavities upon
deformation occurs preferentially near the chain ends of the polymer.

Keywords: Cavitation; Polymers; Molecular dynamics; Semi-crystalline

1. Introduction

It is well known that the failure of glassy polymers under

external stresses occurs either through shear deformation

or through crazing. In general, strong hydrostatic stresses

favour crazing. Yet, no clear consensus exists about the

stress state required to initiate crazing. Several aspects

of crazing and cavitation physics have already been

addressed with simulations in previous papers. A number

of cavitation criteria have been formulated in order to

predict the conditions under which a material will cavitate,

such as the one of Rottler and Robbins [1]. It is well

established that below Tg an elastic behaviour is followed

by a stress peak, which is generally associated to large

holes. Yet, there is still little understanding about the

conditions and about the mechanisms underlying the

formation of the voids [2]. Nevertheless, a better

understanding of the molecular origin of the mechanical

properties of amorphous polymers has been achieved

recently and recent simulations have emphasized the fact

that these properties are closely related to the chains

molecular mobility. It has been shown by Capaldi et al. [3]

that the plastic deformation of glassy amorphous polymers

is related to an enhanced mobility. Significant increases

in torsional transition rates are observed during the

deformation prior to and just beyond the yield point.

The mobility may therefore also be a key factor affecting

the cavitation process. On the other hand, as demonstrated

by numerous experimental studies and computer simu-

lations, the dynamics in amorphous polymers below Tg is

very heterogeneous [4–9]. Dynamical heterogeneities

are defined as the fact that some atoms or dihedrals exhibit

much faster than average dynamics, while the others

exhibit much slower motions. An increase of the

heterogeneity in the rate of conformational transitions

was obtained with decreasing temperature in amorphous

polymers. Yet, there is no clear correlation between the

local packing environment and the mobility differences

observed. Moreover, some molecular dynamics simu-

lations have suggested that the deformation process is

associated with local stress, local deformation and

mobility heterogeneities [10–12]. Therefore, dynamical

and deformation heterogeneities may play a major role

during the first stages of the cavitation process.

In this work, we present coarse grain molecular

dynamics simulations of amorphous polymers in order
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to study the first steps of the cavitation process. In the

coarse grain method, several monomers are replaced by

one bead and polymers are modelled on a scale that takes

into account Van der Waals and covalent interactions

without specific reference to the chemical details. Much of

the physics of bulk amorphous polymers is independent of

the chemical details and arises from the connectivity of the

beads. This type of simulation has thus provided much

insight into the universal aspects of the structure and of the

dynamics in amorphous or semi-crystalline polymers [13].

In this paper, we use this type of molecular dynamics

simulations in order to study in detail the first stages of the

cavitation process and the molecular mechanisms at the

origin of this phenomenon. The distributions of occupied

and unoccupied volumes are examined with hard sphere

free volume methods and a Voronoı̈ tessellation. We

intend to clarify the relationships between the free volume

increase and the molecular mobility evolution during

the first steps of the cavitation process. We investigate

the effect of the chain rigidity and of the strength of the

intermolecular interactions on the free volume shape and

distribution and on the mobility heterogeneities associated

to the nucleation and to the development of the cavities.

The comparison of the results gives interesting qualitative

results into the cavitation phenomenon. We will also show

a correlation between the chain ends and the holes that

appear during the first stages of the deformation process.

This paper is structured as follows. First, we present the

simulations details. This first section is followed by results

and discussion. We will summarize our findings in the

conclusion section.

2. Simulation methodology

We have performed molecular dynamics simulations of a

standard coarse-grained polymer model. This model

incorporates covalent backbone bonds, excluded-volume

interactions and the chain stiffness [14–16]. All mono-

mers have the same mass m. The Van der Waals

interactions between beads separated by a distance r are

modelled with a truncated and shifted Lennard–Jones

potential:

VLJðrÞ ¼ 41
s

r

� �12

2
s

r

� �6
� �

2 41
s

rc

� �12

2
s

rc

� �6
" #

for r , rc.

The potential is zero if the separation r between two

beads exceeds a cutoff radius rc. The parameters 1 and s

are characteristic energy and length scales, respectively.

The simulations have been performed in reduced units,

m ¼ 1, s ¼ 1, 1 ¼ 1. The characteristic time scale of the

simulations is tLJ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ms2=1

p
¼ 1.

The finitely extensible nonlinear elastic (FENE)

potential was used for covalent bonds between the

successive beads [14–16]:

VðrÞ ¼ 2
kR2

0

2
ln 12

r 2

R2
0

� �

with the values R0 ¼ 1.5s, k ¼ 301/s 2.

We include a bond-bending potential [14–16] that

increases the rigidity of the chain:

VBðrÞ ¼ b
XN21

i¼2

12
ð~ri21 2 ~riÞ:ð~ri 2 ~riþ1Þ

ð~ri21 2 ~riÞ:ð~ri 2 ~riþ1Þj j

� �

where ~ri denotes the position of the bead i along the chain

and b characterizes the stiffness. In this work, the

equations of motion are solved using the velocity

Verlet algorithm with a time step of dt ¼ 0.001tLJ. The

temperature of the system was controlled with a Nose–

Hoover thermostat (LAMMPS) [17].

The present model is composed of 320 linear polymer

chains with N ¼ 100 or 200 spherical beads of masse m.

The polymer chains are placed in a cubic simulation box

with periodic boundary conditions in the three directions.

The initial configuration of the polymer chain is a random

walk at a low initial density (d < 0.8). The successive

beads are separated by a distance equal to the equilibrium

bond length, 0.96s. The minimum distance between

next-nearest neighbours is set to 1.02s. In this initial

configuration, many monomers may overlap. In order to

equilibrate the chains, we use standard molecular

dynamics equilibration methods [14–16]. To gradually

remove the overlap between the chains, a NVT simulation

is done with a repulsive cosine potential for non bonded

interactions [14–16]. The magnitude of the cosine

potential is gradually increased over the run. Then, this

soft potential is replaced by a standard Lennard–Jones

repulsion between the monomers. The full Van der Waals

potential is then introduced progressively with increasing

values of s. The system is equilibrated further for one

million steps using the full potential and standard NPT

simulations at T ¼ 1.0 and with a compressive pressure

P ¼ 1.0. As a glassy is desired, the system is then rapidly

cooled to T ¼ 0.1 , Tg at a cooling rate dT=dt ¼
221023ð1=kÞ=tLJ and relaxed for one million steps further

with a small compression. This equilibration procedure

produced an equilibrated state from which we could begin

the simulations. In the following, we have studied the

effect of the chain rigidity. We have considered two cases,

with the stiffness parameters b ¼ 0 and b ¼ 2 correspond-

ing to a flexible and a semi-flexible chain respectively. We

have also investigated the effect of the Van der Waals

interactions. The Lennard Jones potential cutoff distance

is set to rc ¼ 1.65 or 2.2 corresponding to weak and strong

intermolecular interactions respectively [14–16]. For the

semi-flexible chain (b ¼ 2), runs with rc ¼ 2.2 and 1.65

were performed at the initial density r ¼ 1.05 and 1.00,

respectively. In the runs with b ¼ 0 and rc ¼ 1.65, the

resulting glasses have the starting density r ¼ 1.02. The

radius of gyration of the polymer chains scales as
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R2
g ¼ 0:28ðN 2 1Þs2 and R2

g ¼ 0:54ðN 2 1Þs2 for the

flexible and semi-flexible chain respectively in agreement

with [2,15]. For the bead-spring models like the ones

studied in this work, the entanglement lengths Ne vary

from 70 for fully flexible chains to 20 for semi-flexible

chains with b ¼ 2 [1,16,18–19]. The chains investigated

here are long enough to entangle, i.e. N . Ne. Robbins

et al. demonstrated the importance of chain length for the

onset of craze growth. Yet, in our work, similar results

were obtained for N ¼ 100 and 200 suggesting that the

chain length has no role for the first steps of the cavitation

process as long as the cavity size remains small compared

to both N and Ne. Only the results corresponding to

N ¼ 100 are detailed in the following.

In this work, the temperature is maintained constant at

T ¼ 0.1, well below the glass transition temperature

which lies in the range 0.3–0.5 for the systems under

study [14–16,18,19]. Starting from the relaxed configur-

ations, an hydrostatic deformation is then applied on the

three axes of the simulation cell at a constant strain rate of

1X
†

¼ 1Y
†
¼ 1Z

†
¼ 51023=tLJ. The results presented in the

following are qualitatively the same in the strain rate

range 2.1023–5.1023/tLJ. The measured stress used in

this work is the averaged hydrostatic virial stress

s ¼ (sxx þ syy þ szz)/3. For each value of the cutoff rc
and of the stiffness b, three separate cells were built to

ensure that a range of conformations were explored. In

order to improve the statistics of the results, an averagewas

taken over the results obtained with the three structures.

3. Results and discussion

The simulated stress–strain responses obtained display

the features observed experimentally and in similar coarse

grain simulations [14–16]. Figure 1 shows the evolution at

T ¼ 0.1 of the hydrostatic stress s as a function of the

relative volume variation DV/V for weak and strong

interactions and for the rigid and flexible chains. Initially,

a linear elastic response is obtained. A stress peak is then

observed and it is followed by a softening of the stress–

strain response. For the semi-flexible structures (b ¼ 2),

the model with a high interaction strength (rc ¼ 2.2) has a

higher modulus. The system with the highest modulus

is the one with rc ¼ 1.65 and b ¼ 0, in agreement with

the results of Schnell et al. [2]. The strength of the

intermolecular potential is the main parameter determin-

ing the modulus. Yet, the equilibrium chain angles

distribution and the chain conformations are modified in

the semi-flexible chain model so that the small chain

rearrangements through rotations are easier for small

deformations in these structures than in the flexible ones

[2]. In the following, we will analyse successively the free

volume increase and the mobility heterogeneities

associated to the cavitation process and the role played

by the chain ends.

3.1 Hard probe free volume analysis and Voronoı̈
tessellation

The free volume concept has been often used to explain

the behaviour of glassy materials. For the evaluation of the

free volume distribution, several approaches have been

followed, the hard spherical probe method [20,21] and the

Voronoı̈ tessellation method [22]. First, we have studied in

detail the free volume size and distribution especially at

the stress peak with the hard spherical probe method

detailed by Mattice et al. [20,21]. To evaluate the cavities,

the periodic box is divided into cubic subcells of size D

and the atoms are assumed to be hard spheres with a

diameter equal to s. In order to check occupancy, a probe

of diameter s is introduced in the simulation cell. Each

atom is assigned an effective radius which the sum of its

hard core radius and the probe radius. Subcells whose

centre is within the effective radius of any atom are

assumed to be occupied. The subcell is labelled as

unoccupied when it is not recovered by the hard sphere.

The cavities were probed throughout the structure and the

unoccupied cells were counted as holes contributing to

the free volume. Two unoccupied subcells are assigned to

the same hole when they share a common face. Figure 2

displays the evolution of the free volume fraction when the

grid size D is varied between 0.5 and 2s for the semi-

flexible chain with weak intermolecular interactions

0
0.5

1
1.5

2
2.5

3
3.5

4
4.5

5

0 0.2 0.4 0.6 0.8 1

∆V/V

σ

Figure 1. Evolution of the hydrostatic stress s as a function of the relative variation of the volume DV/V (B rc ¼ 2.2, b ¼ 2, A rc ¼ 1.65, b ¼ 0, W
rc ¼ 1.65, b ¼ 2).
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(rc ¼ 1.65). With the cell size D ¼ 2s almost no free

volume is available below the stress peak while with

D ¼ 0.5s a significant amount of free volume is present in

the cell at the beginning of the run. In the following, we

have chosen the probe size D ¼ s. With this choice, the

free volume fraction increases drastically at the stress peak.

This free volume is related to the formation of small

cavities of size larger than s. In the following, we focus on

the free volume size, shape and distribution at the stress

peak. The cavities constantly change their shape and size.

In an attempt to obtain results that are representative, five

additional snapshots are selected before and after the stress

peak corresponding to DV/V , 0.1 around the peak and an

average is performed for the volume size and distribution

over the ten structures considered and over the three

starting cells, for a given value of b and rc. Figure 3(a),(b)

and table 1 compare the hole size distributions obtained for

weak (rc ¼ 1.65) and strong (rc ¼ 2.2) interactions and

flexible (b ¼ 0) and semi-flexible chains (b ¼ 2). Numer-

ous small holes are obtained for weak intermolecular

interactions (rc ¼ 1.65) and the cavities sizes distribution

is very broad. When the intermolecular interactions are

weak, the cavitation regions are very diffuse and the

localization is weak. On the contrary, for strong

interactions, larger holes are obtained, with a very narrow

distribution. In the case of the flexible chain, medium size

cavities are found. The hole size distribution width is

intermediate between the two former ones. These findings

indicate a relationship between the first stages of the

cavitation process and the strength of the intermolecular

interactions and the flexibility of the chain. The

localization of the process is enhanced for strong

intermolecular interactions and a flexible chain.

Following Mattice et al. [20,21], the shape and

symmetry of the cavities at the stress peak has been

evaluated through their asphericity and acylindricity. The

symmetry was analysed using the principal moments of

the radius of gyration tensor of the voids. The three

eigenvalues were obtained in the order R2
1 . R2

2 . R2
3 for
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Figure 2. Evolution of the hydrostatic stress s (X), of the free volume
fraction for the grid size values D ¼ 0.5 s(B), D ¼ 1 s(W) and D ¼ 2
s(þ) for the semi-flexible (b ¼ 2) chain with weak intermolecular
interactions (rc ¼ 1.65).
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Figure 3. (a) Hole size distributions obtained at the stress peak for weak (A rc ¼ 1.65, b ¼ 2) and strong (B rc ¼ 2.2, b ¼ 2) interactions. (b) Hole size
distributions obtained at the stress peak for flexible (X rc ¼ 1.65, b ¼ 0) and semi-flexible chains (A rc ¼ 1.65, b ¼ 2).
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each void. The asphericity, s, can be calculated by using:

s ¼
R2
1 2 ðR2

2 þ R2
3=2Þ

R2
g

and the acylindricity x can be measured by:

x ¼
R2
2 2 R2

3

R2
g

where R2
g is the squared radius of gyration, which is the

sum of the R2
i .

The upper limits of asphericity and acylindricity defined

here are 1 and 1/2 respectively. The lower limits are zero

and are a obtained with the maximum corresponding

symmetry [20,21]. The averaging procedure is the same as

the one used for the free volume analysis: ten additional

snapshots are selected corresponding to DV/V , 0.01

around the stress peak and an average is performed for the

asphericity and acylindricity over the ten snapshots and

over the three starting structures. The average values of the

asphericity and acylindricity obtained are summarized in

table 1. Our results suggest a higher spherical symmetry

for strong intermolecular interactions (rc ¼ 2.2). The hole

shape departs from spherical symmetry and is more

cylindrical for weak intermolecular interactions

(rc ¼ 1.65). The spherical symmetry obtained for the

flexible chain (b ¼ 0) is slightly lower than the one found

for strong intermolecular interactions.

To conclude, our findings suggest that the balance

between the intramolecular and intermolecular terms of

the potential determines the holes distribution and shape.

A more localized cavitation process and a spherically

isotropic free volume topology is found for strong

intermolecular interactions or very flexible chains. On

the contrary, weaker intermolecular interactions lead to a

more diffuse cavitation process, with a more cylindrical

shape of the cavities. On the one hand, as pointed by

Stachurski [22], the molecular properties and the free

volume increase in amorphous polymers must not be

thought as spherically isotropic, as in liquid and gases,

since the free volume expansion is derived from a two

dimensional motion orthogonal to the chain axis.

According to our results, this anisotropy is enhanced for

strong intramolecular interactions. On the other hand, it

has already been suggested that different deformation

mechanisms are involved in amorphous polymers

depending on the chain rigidity and on the intermolecular

interactions. In the framework of the “strophon” model of

Yannas et al. [22,23], a deforming polymer can undergo

cavitation or shear yielding depending on the relative

strength of the intermolecular interactions and of the

conformational barriers. When the intramolecular forces

exceed the intermolecular forces, yielding is expected to

be the prevailing mechanism. On the contrary, if the

intermolecular potential is strong, crazing and cavitation is

the dominant deformation process. The fact that a diffuse

cavitation process is obtained in our work for weak

intermolecular interactions (rc ¼ .65) may indicate that

some plastic flow enters in competition with the cavitation

phenomenon in these structures, while this deformation

mechanism was negligible for strong intermolecular

interactions (rc ¼ 2.2). As already mentioned, small

angles changes are possible in the semi-flexible structure

(b ¼ 2) [2] that may lead to a plastic activity at the

expense of the cavitation process. These small rearrange-

ments are not allowed in the flexible structure. A strong

and localized cavitation process is thus the dominant

deformation mechanism in the flexible structure (b ¼ 0) at

the expense of shear plasticity.

In order to complement the hard probe free volume

analysis, we have determined the available space

surrounding a bead and the evolution of the free volume

with a Voronoı̈ tessellation [24]. In the Voronoi polyhedra

analysis, one perperpendicularly bisects the segments

connecting a chosen bead and its nearest neighbours. The

Table 1. Average hole size (s 3), standard deviation of the hole size,
asphericity, s and acylindricity, x, evaluated at the stress peak.

b ¼ 0
rc ¼ 1.65

b ¼ 2
rc ¼ 1.65

b ¼ 2
rc ¼ 2.2

Average hole size (s 3) 5.8 4.3 8.5
Standard deviation
of the hole size

0.8 1.35 0.28

s 0.35 0.50 0.30
x 0.10 0.07 0.15

0.51
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Figure 4. Evolution of the average Voronoı̈ polyhedra volume, kVpl, as a function of the simulation cell relative volume variation DV/V (B rc ¼ 2.2,
b ¼ 2, X rc ¼ 1.65, b ¼ 0, W rc ¼ 1.65, b ¼ 2). The stress peak position is indicated with a black arrow.
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Voronoi polyhedron is then obtained by selecting the

smallest of the polyhedra formed by the intersecting

planes. Every point within the Voronoı̈ polyhedron is

closer to the chosen bead than to any other atom in the

system. The simulation cell is thus divided into convex

polyhedra surrounding each atom. In order to characterize

the structure of the system, we have calculated the

evolution of the mean Voronoı̈ polyhedra volume per

bead, kVpl, with the hydrostatic deformation. As illustrated

in figure 4, for strong intermolecular interactions or a

weak angular potential, low values of the Voronoı̈ volumes

are found, which is in agreement with the densities

obtained for the equilibrated structures. The mean Voronoı̈

polyhedra volume shifts to larger values during the first

stages of the hydrostatic deformation. After the stress

peaks, which are indicated with black arrows on the figure

4, the increase is less marked and there is no significant

change in the local packing of the chains. This result

suggests that before the stress peak, the increase of the free

volume is dominated by an homogeneous bead separation

and local rearrangements, even if small cavities are

formed. After the stress peaks, the free volume increase is

associated to the growth of the existing cavities.

The evolution with deformation of the standard

deviations of the Voronoı̈ volume distributions are

displayed in figure 5. This standard deviation is higher

for weak intermolecular interactions than for strong

interactions or for the flexible chain. This result may be

attributed to an increasing local disorder and free volume

heterogeneity inside the polymer for decreasing Van der

Waals interactions. The Voronoı̈ tessellation analysis also

shows a broadening of the distribution of polyhedra

volumes during the first stages of the expansion of the

system. As the volume is further increased, the distribution

width becomes constant. The free volume distribution and

local packing disorder increases until the stress peak but

the growth of the cavities after this peak does not affect

much the free volume heterogeneity.

3.2 Chain ends effects

The chain length dependence of the glass transition

temperature of polymers has often been explained by the

larger free volume surrounding a chain end [25]. In the

non deformed structures, the Voronoı̈ polyhedron volume

associated to the chain ends beads is a few percent higher

than the average Voronoı̈ volume. Yet, no clear tendency

as a function of the chain stiffness or as a function of the

strength of the interactions could be evidenced. These

findings are in agreement with the results reported by

Rigby et al. [24]. The chain end may thus act like a defect

which favour the cavitation process. In order to study the

correlations between the chain ends and the holes at the

stress peak, we have calculated a radial distribution

function gAB(r) where A corresponds to a chain end and B

to an elementary cell of size s 3 inside a cavity. This

function gives the probability of finding a pair A–B with a

separation of r, relative to the probability expected for a

uniform distribution of the A–B pairs:

gABðrÞ ¼
nABðrÞ

4pr 2DrrAB

In this formula, nAB is the average number of AB pairs

in the spherical shell between r and r þ Dr and rAB is the

density of AB pairs. The radial distribution functions

obtained at the stress peak are displayed in figure 6. Ten

configurations were selected around the stress peak and

the same averaging procedure as before was applied.

When the strength of the intermolecular interactions

0
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Figure 5. Evolution of the standard deviation of the Voronoı̈ polyhedra volume Vp as a function of the simulation cell relative volume variation DV/V
(B rc ¼ 2.2, b ¼ 2, X rc ¼ 1.65, b ¼ 0, W rc ¼ 1.65, b ¼ 2). The stress peak position is indicated with a black arrow.
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Figure 6. Radial distribution function gAB(r), with A ¼ chain end and
B ¼ elementary cell of size s 3 inside a cavity, (B rc ¼ 2.2, b ¼ 2),
(A rc ¼ 1.65, b ¼ 0), (X rc ¼ 1.65, b ¼ 2).
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increases, the maximum of gAB(r) and the whole distance

distribution is shifted to lower values and the peak

magnitude increases. A similar result is obtained when

the flexibility of the chain is increased. The spatial

correlations between holes and end chains are thus higher

for strong intermolecular interactions and for the flexible

chain.

3.3 Mobility heterogeneities

Several molecular dynamics simulations have suggested

that the deformation process is associated in amorphous

polymers with stress, deformation and mobility hetero-

geneities [4,5]. On the other hand, in the framework of the

free volume theories, every type of molecular motion

needs its own free volume and the molecular mobility is

dependent on the probability that a molecule is next a hole

of size sufficient for displacement [25]. The hydrostatic

deformation is likely to induce an additional volume

in the polymer that causes an increase in mobility

heterogeneities.

In order to characterize the mobility heterogeneities, we

have calculated the evolution of fourth order centred

moment of the velocity distributions as a function of the

relative variation of the simulation cell volume DV/V. This

moment is defined as:

m4 ¼
kðv2 kvlÞ4l

kvl4

where v is the velocity and kvl its average value. This

quantity reveals the large deviations from the average

value of the velocity. Figure 7 displays the evolution of the

fourth order moment of the velocity distribution in the

flexible and semi-flexible case and for weak and strong

intermolecular interactions as a function of the relative

volume variation DV/V. On this figure, the stress peaks are

indicated with black arrows. This figure illustrates the

increase of the mobility heterogeneity with the increase of

the volume of the simulation cell upon hydrostatic

deformation. Large velocity fluctuations are observed

before the stress peak and they are enhanced at the stress

peak. A limited number of regions have thus a high

molecular mobility. This result is in agreement with the

stress induced increase of the torsional mobility reported

by Capaldi et al. [3] before and just beyond the yield point.

The cavitation process may thus be related to the mobility

heterogeneities. A possible interpretation is that the atoms

with a high mobility deform more easily and that the

highly mobile regions act as nucleation sites for the

cavitation process. As shown on figure 7, the mobility

fluctuations in the early stages of the cavitation process are

affected by the strength of the intermolecular interactions

and by the chain flexibility. These velocity fluctuations are

enhanced when the strength of the intermolecular

interactions increases. Moreover, the decrease of the

chain rigidity leads to large mobility heterogeneities. This

result confirms the fact that a higher localization of the

cavitation process is obtained for strong intermolecular

interactions or for the flexible chain, as illustrated in the

free volume study.

In order to study in more details the relationships

between mobility heterogeneities and cavitation, we have

calculated the velocity probability distributions tails

P(v . 10kvl), P(v . 5kvl), P(v , 0.1kvl), P(v , 0.2kvl),
which represent the probability P that the velocity v is

higher or lower than a certain fraction (10, 5, 0.1, 0.2) of the

average velocity value, kvl. Figure 8 displays the evolution
of these probability distributions tails as a function of the

volume relative variation DV/V for the semi-flexible chain

with weak intermolecular interactions (b ¼ 2, rc ¼ 1.65).

The values are normalized by the values obtained in the

non deformed structure for DV/V ¼ 0, denoted as Pini. The

probabilities distribution tails P(v . 5kvl) and

P(v , 0.2kvl) depart from their initial values before the

stress peak. The velocity distributions are thus shifted

towards low and high values during the first stages of the

cavitation process. The larger and lower velocities

corresponding to P(v . 10kvl) and P(v , 0.1kvl) appear
at the stress peak. The same qualitative findings are

obtained for strong interactions and for the flexible chains,

with enhanced velocity fluctuations.

In an attempt to compare the velocity fluctuations in the

whole simulation cell and in the vicinity of the holes, we

have calculated the standard deviation of the velocity

distribution, m2 ¼ k(v 2 kvl)2l/kvl2, when only atoms at

0
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10
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m
4

Figure 7. Evolution of the fourth order moment of the velocity distribution, m4, as a function of the relative variation of the volume DV/V (B rc ¼ 2.2,
b ¼ 2, A rc ¼ 1.65, b ¼ 0, W rc ¼ 1.65, b ¼ 2). The stress peak position is indicated with a black arrow.
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a distance lower than 3s from a cavity with a size larger

than s 3 are taken into account. In view of the limited

number of atoms considered, the fourth order moment is

in this case a too noisy quantity. Figure 9 displays the

evolution of the standard deviation as a function of the

volume relative variation DV/V for strong intermolecular

interactions (rc ¼ 2.2) in the vicinity of the cavities and in

the whole simulation box. In the limit of no deformation,

no holes are found and the velocity fluctuations near

the holes are therefore equal to zero. For increasing

deformation, the holes appear and the velocity hetero-

geneities are more marked in the vicinity of the holes. A

similar result was obtained for weaker interactions and for

the flexible chain. A possible explanation is that the

cavities created during the hydrostatic deformation are

disordered regions, and that local rearrangements are

easier near these free volume regions, generating large

velocity fluctuations.

4. Conclusion

In this work, we have investigated with coarse grain

molecular dynamics simulations the first stages of the

cavitation process in an amorphous polymer below Tg upon

hydrostatic deformation. The free volume size and shape is

affected by the chain flexibility and by the strength of the

intermolecular interactions. For strong intermolecular

interactions or a flexible chain, the cavitation process is

highly localized and the holes have a high spherical

symmetry. The cavitation regions are more diffuse for

weaker intermolecular interactions. The mean Voronoı̈

polyhedra volume and the free volume heterogeneity, as

determined from a Voronoı̈ tessellation, increase until the

glassy stress peak. After this peak, the increase of the free

volume can be attributed to the growth of the existing

cavities. The holes nucleate preferentially near the chain

ends of the polymer. High mobility regions are present

before the stress peak. These high mobility regions may

enable the nucleation of cavities in the bulk. The

localization of these high mobility zones is higher for

strong intermolecular interactions. Moreover, the velocity

fluctuations are markedly enhanced in the vicinity of the

holes. Althoughmany questions about themolecular origin

of cavitation in polymers remain unanswered, it is shown
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Figure 8. (a) Velocity probability distributions tails P(v , 0.1kvl) as a
function of the relative variation of the volume DV/V for the semi-flexible
chain with weak intermolecular interactions (b ¼ 2, rc ¼ 1.65). (b)
Velocity probability distributions tails P(v , 0.2kvl) as a function of the
relative variation of the volume DV/V for the semi-flexible chain with
weak intermolecular interactions (b ¼ 2, rc ¼ 1.65). (c) Velocity
probability distributions tails P(v . 5kvl) as a function of the relative
variation of the volume DV/V for the semi-flexible chain with weak
intermolecular interactions (b ¼ 2, rc ¼ 1.65). (d) Velocity probability
distributions tails P(v . 10kvl) as a function of the relative variation of
the volume DV/V for the semi-flexible chain with weak intermolecular
interactions (b ¼ 2, rc ¼ 1.65).
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Figure 9. Standard deviation of the velocity distribution, m2, in the
whole simulation box (B) and in the vicinity of the holes (A), when the
bead-hole distance is lower than 3s for rc ¼ 1.65 and b ¼ 2. The stress
peak position is indicated with a black arrow.
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that molecular simulations can be a valuable tool to capture

some information on the localization of the cavitation

process and on the relationships between the mobility

heterogeneities and the first stages of this phenomenon.
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