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ABSTRACT:

Molecular dynamics simulations are used to study the atomistic details of nanometer scale polyethylene

(PE) particles to gain insight into the properties and behavior of ultra fine polymer powders. From the nano-sized particles
generated with up to 60000 atoms using an efficient MD method, structure and a variety of structural and physical characteristics
were computed by averaging over sets of microstates at particular temperatures. The melting point, glass transition temperature,
and heat capacity of the particles as a function of polymer chain length and particle size were obtained by monitoring the
molecular volume and total energy. The results of our simulations predict an interesting reduction of the melting point and
significantly smaller compressive modulus in comparison with the bulk system.

KEY WORDS
Polyethylene /

Ultra fine particles have received a great deal of
attention in the ceramics and metallurgy literature due
to their novel properties. These property abnormalities
are due to the tremendous size reduction where critical
length scales of physical phenomena become compara-
ble to or larger than the size of the entire structure.
Applications of such particles take advantage of high
surface area and confinement effects, which lead to
nanostructures with different properties than conven-
tional materials. An example of the dependence of
physical properties on the size is the melting point for
gold which decreases dramatically as the size decreases.!
One of the major reasons for this phenomenon is the
large of amount of surface area and hence reduction of
the nonbonded interactions for the surface layer. Clearly,
such changes offer extraordinary potential for develop-
ment of new materials in the form of bulk, composites
and blends which can be used for coatings, opto-
electronic components, magnetic media, ceramics and
special metals, micro or nano-manufacturing, and bio-
engineering.>

Recently an experimental technique was developed
at ORNL for creating very fine polymer particles of
arbitrary composition and size,*** making it important
to determine structural characteristics and physical
properties of these particles so they can be used in
practical applications. In the more microscopic world
of small ultrafine particles, experiments to measure
properties (such as thermodynamic properties) of these
particles become very difficult. Fortunately, this is
precisely the regime where computational chemistry is
ideal for performing this analysis of the desired physical
properties. Molecular dynamics (MD) simulation is an
invaluable tool to study structural and dynamical details
of polymer processes at the atomic or molecular level
and to link these observations to experimentally ac-
cessible macroscopic properties of polymeric materi-
als.>® Various MD simulations for polymers have been
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used for exploring the properties,” ~'* diffusion of small
penetrants,'>'® and surface interactions'’~2® using
periodic boundary conditions to simulate a bulk system.
In contrast, we are most interested in nano-scale fine
polymer particles to interpret the structure and properties
of those particles distinguished from their bulk solid
phase by the size and surface to volume ratio. In this
article, we have carried out full classical MD simulation
to study the atomistic details of the polyethylene (PE)
particles with up to 60000 atoms under solvent free and
vacuum condition.

METHODS

Hamiltonian

In this paper, we present calculations of some prop-
erties for nano-scale polymer particles generated with
up to 60000 atoms using MD simulations. These simula-
tions compute the momenta and coordinates of each
atom in the system as a function of time by numerally
integrating Hamilton’s equations of motion using the
molecular Hamiltonian written in Cartesian coordi-
nates.>*?> The classical equations of motion are for-
mulated using our geometric statement function ap-
proach?® which reduces the number of mathematical
operations required by a factor of ~60 over traditional
approaches. These coupled equations are solved using
novel symplectic integrators developed in our laboratory
which conserve the volume of phase space and robustly
allow integration for virtually any time scale.?” As a
simplification without loss of information of the poly-
ethylene monomer, we collapsed the CH, and CH,
groups into a single particle (bead) of mass m=14.5amu.
By neglecting the internal structure of those groups, we
reduce the number of equations of motion for the system
and save a significant amount of computational time. In
addition, it is reasonable to assume that high frequency
modes of C-H stretch and bending are decoupled with
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the lower frequency vibrations and contribute little to
thermal properties of the particles.?® A classical mo-
lecular Hamiltonian for this model can be written in
terms of the kinetic and potential energy of the system,

N p2 No N-2
H=7}, + '21 Vou(riiv1) + Y Viau(0iiv1,i+2)

i=1 2m i=1
N-3 N-3 N

+ Z Vao(Tiit1,i+2,i+3) T+ Z Z VNb(rij)s )]
i=1 i=1 j>i+3

where N is total number of atoms and p; is the Cartesian
momentum of the ith atom. The r, 8, and 7 are the internal
coordinates for the interatomic distance, the bending
angle between three consecutive atoms, and the torsional
angle between four consecutive atoms, respectively. The
last term of the potential energy functions in eq 1 is the
nonbonded two-body interaction (j>i+3). The po-
tential functions and parameters used for the PE
particles?®3° are given in Table 1.

Modeling of Polymer Particles

A computational algorithm for generating and mod-
eling polymer particles for our simulations was devel-
oped for constructing particles that are as similar as
possible to the experimentally created polymer particles.
This experimental technique was developed originally
for probing single molecules liquid droplets.3!:3? In the
experiment, the refractive index obtained from the data
analysis for micro and nano-scale particles is consistent
with bulk (nominal) values and the level of agreement
with Mie theory indicates that the generated particles
are nearly perfect spheres.3® In order to obtain initial
conditions for nano-scale polymer particles, we have

Table I. Potential parameters

Stretch Vaw=1/2k, (rii+1—"0)?
Cc-C ro k,
1.53A 2651 kJmol ™!
Bending Vip=1/2ky (cOS0; ;4 1:+,—C0s 0)*
c-C-C o ko
113° 130.1kJmol !
Torsion Vap=8.7T+4COST; ;1 1,i42i+3+BCOS ;14154243
CcC-C-C-C o
—18.41kJmol ! 26.78 kJ mol !
Nonbond Vg =4e[(0/r;)*2—(a/r;;)°]
CH,---CH, ¢ p
0.494 kJ mol ™! 3.98A

developed an efficient method.?#:35 In brief, the proce-
dure starts by preparing a set of randomly coiled chains
by propagating a classical trajectory with a perfectly
planar all-trans zigzag initial conformation and randomly
chosen momentum with a temperature of 300 K 30738
The trajectory is terminated at 200ps, and position
and momenta of the chain are saved. By repeating
this process, a desired set of randomly coiled chains
is prepared. Six chains are selected randomly from the
prepared sets and are placed along the Cartesian axis.
Those chains are propelled at the appropriate amount
of momentum to create a collision at the origin. The
particle produced from this collision consists of the 6
chains is then annealed to a desired temperature and
rotated through a randomly chosen set of angles in three
dimensional space. Another set of six chains is then
propelled at the particle to create another particle with
600 more atoms added in a symmetric but random
orientation to build up the particle. This process is
continued until the desired size is achieved for our study.
Figure 1 illustrates the process to generate initial con-
ditions for the different size of PE particles. After a de-
sired particle size is obtained, classical trajectories were
propagated for 50 ps above the melting point for bulk
PE and then annealed until the temperature reached 10
K to find a steady state of the amorphous PE particles.
Figure 2 shows PE particles of 60000 atoms with chain
lengths of 100 beads.

We have also generated the PE particles with various
chain lengths (50, 200, and 400 beads) based on the ini-
tial configurations of the generated amorphous PE with
a chain length of 100 beads. To do this, we simply ex-
pand the space of the particle with a chain length of 100
beads by multiplying the initial configuration by two
in Cartesian coordinates. Then, a new atom is insert-
ed between the two atoms of the particles. Thus, the to-
tal number of atoms is doubled and the particle creat-
ed consists of a chain length of 200 beads. For the par-
ticle with a chain length of 50 beads, the two, three,
and four-body bonded interaction are simply turned off
every 50 beads. Finally, classical trajectories are prop-
agated with randomly chosen momenta until the density
reaches 0.7gcm ™2 and annealed to a desired tempera-
ture. It is noted that the density for the particles is low
(<0.05gcm ™) and temperature is very high (= 1000 K)
at a start of those trajectories, since the space of the
original particle is expanded. Using this scheme, we can
efficiently create large number of atoms with various

Figure 1. Creation of polyethylene particles for initial conditions: a) randomly coiled 6 chains with chain length of 100 beads, b) particle for 600
atoms with those 6 chains, and c) the rotated particles and a new set of 6 chains.
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Figure 2. Polyethylene particle for 60000 atoms with chain length of 100 beads. The diameter of the drops for 60000 atoms is 12.5nm. The
diameter of the particle is the averaged value of distance from a center of mass to the surface atoms. Polyethylene bulk system b) has 9664 atoms
with chain length of 100 CH, with hydrogen atoms in the length of 4.6 nm cubic cell.

chain lengths without propelling sets of 6 chains.

Modeling of Bulk System

Figure 2 also shows the PE bulk system in a cubic cell
at the unit cell dimension of 4.6 nm. For creation of a
polyethylene bulk system, a system consisting of 32 CH,
chains with 100 C and 202 H atoms are placed in a cell,
and the initial configuration of the system was optimized
using molecular mechanics calculation.®*® With the ini-
tial conformation, MD simulations are propagated by
applying an external force to the cell every 2 fs in order
to pack the chains into the cell with the desired density.
The density is calculated by using a cubic box with a
dimension of 32 A. The position of the box was randomly
chosen in the cell, and then the number of the atoms in
the box were found. The process is repeated 10 times,
and the averaged density is monitored. The simulation
is terminated when the density reaches 0.85 gcm ™3 (bulk
amorphous PE density).

We employ three-dimensional periodic boundary con-
ditions to mimic the presence of an infinite bulk. The
cell [Figure 2(b)] is surrounded by the identical cells;
thus the atoms in the original cell can interact with
all other atoms in those surrounded cells. Under the
boundary conditions, classical trajectories are propa-
gated for 10 ps. It is noted that we considered all atoms
of PE polymer for the simulations of the bulk system
in order to compare the computed structural conforma-
tions (e.g., radial distribution) with X-ray and neutron
scattering experiments. The radial distribution of the
simulated bulk PE was in good agreement with the ex-
perimental data. Comparing the bulk system with the
nano-scale spherical particles, we can study the con-
formational changes of the particles due to the size re-
duction and the shape.

Analysis

Average values of properties of the particles at a fixed
temperature are obtained to examine dependence of
the conformations and properties on temperature using
the Nosé-Hoover chain (NHC) constant temperature
molecular dynamics.*® The initial configurations of the
steady state of the amorphous PE particles are used at
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a start of the NHC simulations; the initial values of the
Cartesian momenta are given random orientation in
phase space with magnitudes chosen so that the total
kinetic energy is the equipartition theorem expectation
value.*! The temperature of the particle, 7, is calculated
from,

3 Nop?
_NkB<T>=<Z : > (2
2 i=1 2m
where ky is the Boltzmann constant and N is the total
number of atoms. Monitoring the temperature of the
system, we found the system reaches the desired tem-

perature during the first 10 ps. The reported characteri-
stics of the particles are the averaged values calculated
from the NHC trajectories in the range from 10ps to
100 ps at the temperature.

In analyzing surface effects of ultra fine polymer
particles, we calculated the surface area and volume using
Connolly’s contact-reentrant method.**#3 The contact-
reentrant surface (molecular surface) uses a spherical
probe which can trace molecular shape while in contact
with the van der Waals surface. The van der Waals surface
treats a CH, bead as a rigid hard sphere equal to the
van der Waals radii, and the union of the spheres in the
droplets is considered as the volume. The method
provides a smooth surface by patching the space between
the probe radius and the probed molecule. For our
surface arca and volume calculations, the van der Waals
radius for the PE droplets is set at 1.89 A for CH, beads
and the probe radius at 1.4 A to mimic H,O molecule.
Using the molecular surface, we also computed a fractal
dimension, D, to show how irregular the PE droplets are
(surface roughness). The value can be calculated by

_ dlog A,

D=2——>="¢%
dlogR,

3)
where 4, and R are the molecular surface area and probe
radius, respectively. The fractal dimension determined
by the slope has values in the range 2—3; the lower limit
corresponds to a smooth surface and the upper limits to
a space-filled surface.

Experimental measurements of a melting point (T,)

Polym. J., Vol. 31, No. 8, 1999
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Figure 3. Schematic of the geometry for stress—strain MD simula-
tions.

and glass transition temperature (7,) are crucial prop-
erties that can be used to assess the physical state of
a polymer. In our simulations, the melting point and the
glass transition temperature can be obtained by cal-
culating total energy and molecular volume of a system
as a function of temperature. For a transition from the
amorphous (solid) to the melt phase (liquid) and a
glass-rubber transition, the volume increases owing to
conformational disorder of the polymer droplets. Tem-
perature and volume are calculated while annealing the
drops gradually by scaling the momenta with a con-
stant scaling factor. From least squares fits to molecu-
lar volume vs. temperature above and below the tran-
sition temperatures, we take the point where the extrap-
olated straight lines intersect, as T, and T.

Mechanical Property: Compressive (Bulk) Modulus

It is of interest to study the behavior of polymer fine
particles under an applied external force in order to
investigate the deformation property and mechanical
memory. One of the experimentally obtained values of
those properties is known as Young’s modulus which is
a fundamental measure of the stiffness of a material.
Numerous calculations have been performed for the
mechanical property of bulk-like crystalline PE polymer
using force field,” 2 semiempirical,** ab initio calcula-
tion,*%*% and ab initio MD methods.*”#8 In this study,
we have calculated the compressive (bulk) modulus for
the amorphous PE particles using MD with an external
force as shown in Figure 3. At the start, a plate treated
as a continuous wall is set at 10 A from the closest atom
of the particle in z coordinate (the distance from the
origin to the plate is defined as L and the other plate is
set at — L in Cartesian coordinate.). The initial values
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of the Cartesian momenta are chosen randomly in the
amorphous particle to set initial temperature less than
the melting point (200 K) and the system was fixed with
zero center-of-mass position and velocity. The plates are
moved 0.1 A every 0.5ps and the total energy for L was
calculated every 0.5 ps. Young s modulus is defined,

o=7Ye (4)

where ¢ and ¢ represent the tensile stress and strain,
respectively. In our calculation, the strain is the fractional
change in dimension, e=(L,— L)/L,, and the stress is a
force per unit area, g = F/area. Since the external force
is applied to the system, the particle start deforming, and
the total energy is fluctuated. We define L, which gives
the minimum total energy of the system. To find the area
(nr2.) of the particles, the particles are projected on the
xy plane, and the distance of each atoms from the origin
is calculated at the L,. The distance r,,., can be ap-
proximately calculated from,

N
Y (e +y)

i=1

Faye = 5
N (5
The force applied to the particle is calculated from,
dE;
F= 6
il (6)

where Ey is the total energy of the system. By monitoring
stress and strain, we obtain the compressive (bulk)
modulus and yield point for the PE particles.

RESULTS AND DISCUSSION

Characteristics of Nano-Scale Polymer Particles

We modeled fine polymer particles which should
closely correspond to the ones that can be experimental-
ly created from a droplet generator that can efficiently
generate nearly perfect spherical sub-micron particles of
arbitrary composition. Using the molecular dynamics
technique, PE particles with chain lengths of 100 beads
generated with up to 60000 atoms have almost a spherical
shape (asymmetry parameter ~ —0.1 at a temperature
of 10K) as shown in Figure 2, in good agreement with
our experimental results. To interpret properties of the
polymer fine particles differing from their bulk solid
phase, we first counted the surface atoms using a
three-dimensional grid method in Cartesian coordinates
and the ratio of the surface atoms to the total number
of atoms are obtained (the diameter is the average value
of distance from a center of mass to the surface atoms).
Since the smaller sized particles have more surface atoms
than the larger ones, a decrease of the diameter increases
the ratio as shown in Table II. The large ratio of surface
atoms to the total number of atoms provides reduction
of the nonbonded interactions for the surface layer; hence
the cohesive energy is dramatically dependent on the size.

The surface area and volume are calculated using the
contact-reentrant surface method with a probe radii,
R,=1.4 A. The large proportional surface area defined
by S..4. = (surface area)/(volume) leads to large surface
free energy, which is described by per unit of surface
area (Jnm~?2). The S,,,;, of the particles is large compared
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Table 1. Characteristics in fine polymer particles

Diameter . Area®
. Ratio of surface
No. of atoms E—

atoms 2

nm nm

3000 4.7 72% 152
6000 5.6 70% 257
9000 6.4 69% 346
12000 7.0 67% 443
18000 8.1 65% 610
24000 9.0 64% 814
30000 9.7 62% 955
60000 12.4 60% 1879

“The probe radius is set at 1.4 A, ®The probe radius is in the range from 2.0 to 3.5 A.
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Figure 4. Dependence of molecular surface area, 4, on probes with
radii, R, of 1.4 to 4 A for polyethylene particle of 30000 atoms with
chain length of 100 beads. The slope of straight line for log 4, vs. log R,
with the least squares fit is 0.21. The value of fractal dimension is
evaluated for probe radii in the range of 2.0 to 4.0 A.

with that of the bulk so that the surface area and surface
free energy are large. The surface of the particles is also
characterized by the fractal dimension which describes
a degree of irregularity of a surface.*?*%5° Figure 4
shows dependence of surface area on probe radii for
the PE particle of 30000 atoms with a chain length of
100 beads. The slope is calculated for the probes in the
range of 2.0 and 4.0 A. The values of D are smaller for the
particles than the value of the bulk (D=2.72). This
indicates that the surface is irregular and has many
cavities which may introduce unique (catalytic or in-
terpenetrating) properties of polymer fine particles. Al-
though a smaller probe can provide more detail of the
polymer surface than the larger, the fractal dimension
for the probe in the range of 1.4 and 2.0 is out of the
physical limit. As the size of the probe decreases, the
area of the surface rapidly increases. Since the smaller
probe penetrates the cavities on the surface, the values
of the area and surface are strongly dependent on the
probe. This predicts that nano-scale polymer particles
are loosely packed and can show dynamical flexibility
(e.g., compressive modulus of the particles is much
smaller than that of the bulk system). The free volume
(cavities) and molecular packing can be important in a
diffusion rate of a small molecule trapped in the
particles.®! The structural characteristics of the PE
particles up to 60000 atoms with a chain length of 100
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Figure 5. The total energy as a function of temperature while an-
nealing the polyethylene particle which consists of 30000 atoms with
a chain length of 100 beads. The open circles are the total energy
calculated from MD simulations and dashed lines show the least squares
fit. The intersection of extrapolated straight lines corresponds to the
melting point, T,,=258 K. The slopes of the lines are 225900 and
192100 cal mol ™! K ™!, respectively.

beads are shown in Table II.

Thermal Analysis

Thermal analysis provides a great deal of practical and
important information about the molecular and materials
world relating to equations of state, critical points and
the other thermodynamics quantities. For our study of
thermodynamic properties of nano-scale polymer parti-
cles, we have calculated temperature, volume, and total
energy in the process of annealing the system by scaling
the momenta at a constant rate. To determine the ap-
propriate annealing schedule,** we have examined the
melting point and glass transition temperature for the
particle of 12000 atoms with a chain length of 100 beads
for different rates in the range from 1.7K ps~! to 29.5
K ps~!. The transition temperatures were found to be
rather insensitive (within the error of +5K) to annealing
rates slower than 6.0Kps™'. In all subsequent simu-
lations, we set the annealing rate at approximately 2.5
Kps~! so that the particle is thermally equilibrated
for each sampling point. Computing the straight lines
of total energy of the system or molecular volume
vs. temperature with a least square fit, we take the points
where those extrapolated straight lines meet, as the
melting point, T, and the glass transition temperature,
T,. Figure 5 shows dependence of total energy of the
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Figure 6. The molecular volume as a function of temperature while
annealing the polyethylene particle which consists of 30000 atoms with
a chain length of 100 beads. The open circles are the volume calculated
from MD simulations and dashed lines show the least square fit. The
intersection of extrapolated straight lines corresponds to the melting
point, 7,,=260K. The insert shows the glass transition temperature,
T,=152K.

system on temperature for the PE particle of 30000 atoms
with a chain length of 100 beads. The slopes provide the
constant pressure heat capacity, C,, above and below the
melting point. Figure 6 shows molecular volume as a
function of temperature. The melting points calculated
from molecular volume for the different size of the PE
particles with various chain lengths are close to those
values calculated from total energy within an error of
+ 10K. The agreement in the melting points supports
our hypothesis that it is possible to extract the melting
point for a variety of nano-scale polymer particles from
MD simulations. We have reported the melting point
from the simulation of energy vs. temperature instead of
volume vs. temperature, since it is more straightforward
to compute the linear lines from energy vs. temperature
than from volume vs. temperature. Table III summarizes
thermal properties of the PE particles with respect to size
and various chain lengths.

Figure 7 shows dependence of melting point and glass
transition temperature on the diameter of the particles.
The dramatic reduction of the melting point for the fine
polymer particles is an example of surface effects and
shows the importance of size. Since the large ratio of
surface atoms to the total number leads to a significant
reduction of the non-bonded interactions, the melting
point decreases with decrease of the total number of
atoms. Figure 8 shows the effect of chain length on
transition temperatures. A strong dependence of the
melting point and the glass transition temperature on
chain length is attributed to molecular weight and
non-bonded energy of each chain.

Conformations

Figure 9 shows radial distribution functions for the
PE particles of 12000, 30000, and 60000 atoms with a
chain length of 100 beads at a temperature of 100 K.
For the amorphous PE particles, the peak positions of
the radial distributions are insensitive to the size in the
diameter range 12.5 nm. By comparing the peak positions
of the radial distributions of the particles with the bulk

Polym. J., Vol. 31, No. 8, 1999

Table III. Thermal properties of polyethylene particles

Cohesi
eze;m;c T, T, C,fcalmol "' K~!
No. of atoms &y ) - - —
kcalmol ™! K K TsT, TzT,
Chain length of 100 beads
3000 3010 218 111 6.37 7.57
6000 6510 234 134 6.50 7.70
9000 10170 242 131 6.44 7.22
12000 13900 242 157 6.47 7.24
18000 23900 249 155 6.44 7.66
24000 32000 254 154 6.45 7.95
30000 41170 258 152 6.40 7.53
60000 82950 266 161 6.65 7.80
Chain length of 50 beads
6000 7510 186 73 6.20 7.23
12000 15300 218 110 6.37 7.74
18000 25300 220 117 6.37 7.96
24000 34400 232 125 6.53 7.83
Chain length of 200 beads
6000 5738 285 152 6.37 8.02
12000 10020 317 162 6.76 7.73
18000 18800 332 168 6.81 8.32
24000 25200 345 172 7.03 8.22
Chain length of 400 beads
6000 4059 304 165 6.22 7.57
12000 9580 323 166 6.42 8.00
Chain length of 1000 beads
6000 3112 331 169 6.22 8.17
12000 6186 349 171 6.96 8.35
Bulk®
9073 414 195 5.19 7.67

*The values are calculated from NHC simulations at 10K.
> Cubic boundary conditions were used with a box length of 4.6 nm. The
values of C, are from ref 58 at 300K and 400 K.
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particles with a chain length of 100 beads.

Dependence of the melting points on diameter for PE

system, it is clear that the peak around 3.15A cor-
responding to gauche configuration is very small for
the particles. The reduction of gauche configuration in
the radial distributions is believed to be due to alignments

669



K. Fukui et al.

of the chains on the surface. In our previous study, we
monitored the averaged end-to-end distances of the
surface- and inner-chains for the particle of 12000 atoms
with a chain length of 100 beads. The average end-to-end
distance of the surface chains is longer than that of the
inner chains, and the inner chains have more gauche
configurations than the surface.®*

Several simulations have been applied to study the
morphology of single or multiple chains with different
chain lengths.21:3¢738:52 Since the surface chains of
the PE nano-particles tend to straighten and aline at
temperatures below the melting point, the preferential
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Figure 8. Dependence of the melting points on chain lengths.
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Figure 9. Dependence of the radial distributions on size of poly-
ethylene particles with a chain length of 100 beads. Those distri-
butions are calculated from NHC constant temperature MD sim-
ulations. The three peaks are 1.54, 2.57, and 3.94A corresponding
to the distance of C;—C;,y, C;---C;,, and C; - -C;,5 (trans), re-
spectively.

Compressive modulus (A)

No. of atoms

Compressive strength®

morphology for the small PE particle with a long chain
length is a rod-like shape. This mechanism was also
observed by Liu and Muthukumar in the simulations of
polymer crystallization.?* This stretching of the chains
leads to reduction of the cohesive energy and an increase
in volume. Studies on the effect of a chain length show
that the particles with the shortest chain length (50 beads)
have the most spherical shape.

Mechanical Properties

The compressive modulus, which is quantified by the
relation between stress and strain, are investigated for
the PE particles by applying an external force in the MD
simulations. Figure 10 is a plot of the stress as a function
of strain for a PE particle consisting of 12000 beads with
a chain length of 100 beads. The slope calculated for the
proportional range gives a modulus for compression of
the polymer nano-particles. It is known that values of
the tensile modulus of bulk polyethylene are between 210
and 340 GPa.>? In general, the compressive modulus is
higher than the tensile modulus.’*>* In addition, the
bulk and tensile strength or yield point are usually much
smaller than the modulus for a thermoplastic such as
polyethylene. In the MD study of the nano-particles, we
have observed a compressive modulus that is orders of
magnitude smaller than the bulk values and the yield
point is much larger than the modulus. The stress—strain
curve actually looks more like a curve for an elasto-
mer. However, the initial deformation caused by the
compression (that which gives the modulus) is not
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Figure 10. Stress—strain behavior for the PE particle of 12000 atoms
with a chain length of 100 beads. The yield point is indicated at point
M. The region of non-reversible deformation caused by the compression
is labeled A: the region of reversible deformation is labeled B. The
slopes calculated in the strain range from 0 to 0.4 (region A) and from
0.86 to 0.97 (region B) are 111 MPa and 85 GPa, respectively.

Table IV. Mechanical properties in fine PE particles®

Compressive modulus (B)

MPa

Mpa GPa
3000 68 288 46
6000 86 324 63
9000 88 327 67
12000 111 400 85

*The modulus are calculated from the region of non-reversible and reversible deformation (see Figure 9, label A and B). °®The

strength is obtained at the point, M.
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reversible (region A in Figure 10). What occurs during
this phase is the deformation of a spherical particle to
an oblate top. This structure is stable but it lies at a
slightly higher energy than that for a spherical particle.
Thus, the modulus for compression in this region is
actually more a measure of the force required to deform
the spherical polymer particle into an oblate top
(pancake-like structure®°°). Further deformation tends
to be reversible up to the point of rupture (region B in
Figure 10). This deformation is actually more closely
related to the bulk modulus since the stress is due to the
cohesive energy and not a microstructure. This leads to
a yield point that is significantly larger than the modulus.
Table V shows the dependence of the mechanical
properties of PE particles on size.

CONCLUSIONS

In this study of ultra fine polymer particles using
molecular dynamics simulations, we have used a pre-
viously developed method for modeling nano-size poly-
mer particles with various chain length and analyzed the
thermal and mechanical properties of the particles gen-
erated with up to 60000 atoms. It is found that surface
effects provide interesting properties that are different
from those of the bulk polymer system. In particular,
the melting point and glass transition temperature were
found to be dramatically dependent on the size of the
polymer particles. This study also demonstrated that the
nano-scale PE particles have dynamical flexibility and
behave like an elastomer. The result is quantified by the
fractal dimension and compressive modulus. We are
currently extending this model and methodology to larger
size particles and other types of polymer systems to study
the interfacial tension between incompatible polymers,
shear flow effects, and thermal properties of blended
polymer particles.>” The molecular dynamics simulations
used here should provide useful insights to explain and
predict the properties and behavior of ultra fine polymer
particles to be used in future new materials and devices.
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