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Abstract

Single phase amorphous polymeric materials and two-phase polymer liquid crystals (PLCs) have been created on the computer and their
behavior simulated using molecular dynamics. An external force was applied on the material and its response computed along time. The
influence of several parameters was investigated, such as the concentration of the rigid LC second phase and the existence of regions of

different orientation across the thickness of the material.

A simplified 3-region model, such as that used to model the skin-core structure resulting from injection molding, was used. The influence
of the relative size of each region with different properties was determined. Thicker skin regions increase the rigidity of the material, due to
their higher orientation in the direction of force application. The concentration of the reinforcing LC second phase has a similar effect, also
resulting in a more brittle behavior. The simulations have provided a better understanding of these phenomena.

A method for calculating the true stress during simulation of computer-generated materials (CGMs) is proposed. The true stress behavior
was found to differ qualitatively from the engineering stress when the structure of the material allows for considerable changes in cross-

sectional area at large-scale deformation.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Molecular dynamics; Modeling and simulation; Polymers

1. Introduction

Computer simulations have been previously employed to
study a variety of phenomena occurring at the molecular
level in polymeric materials [1-3]. These simulations aim at
characterizing the behavior and performance of both single-
phase amorphous polymers and two-phase polymer liquid
crystals (PLCs) under an external uniaxial tensile force. The
present paper reports on results from a simple model for
addressing the behavior of the typical skin-core microstruc-
ture resulting from some processing methods for thermo-
plastics. More complex models are proposed and will be
applied in future simulations.
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Polymer liquid crystals are typically copolymers con-
sisting of rigid liquid crystalline (LC) sequences combined
with flexible sequences [4] and exhibit a series of improved
properties when compared to other polymers [5-7]. Due to
the complexity of their behavior, they have been con-
comitantly studied by statistical mechanics [8,9], viscoe-
lastic models [10-12], and experimental methods [4-7].
However, these research methods have not been able to
provide complete answers to some of the pertinent questions
about the properties and behavior of these materials.
Computer simulations of PLCs can provide information
from which those answers might emerge.

Injection molding (IM) is one of the most important
processing technologies for thermoplastic materials, namely
for parts with a complex geometry. It involves the material
flow under high shear and extensional stress fields and high
cooling rates that subject the material to a complex
thermomechanical environment. Due to all these effects,
thermoplastic IM parts exhibit an array of morphological
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features through their thickness. This anisotropic layered
structure is often simplified to a skin-core model with three
regions, two external highly oriented skin regions and an
inner spherulitic core, proposed by Tadmor [13]. Although
the number of identified layers is dependent on the
observer’s criteria and the level of detail of the experimental
analysis technique employed, the three-layer model has
been successfully applied by several authors [14—17] to the
study of the influence of morphology on mechanical
properties.

Each region in this skin-core layered structure exhibits
distinct behavior. The particular morphology of each region
and the skin-core ratio (usually defined either in terms of two-
dimensional width or area) depend on the specific thermo-
mechanical environment during processing. Necessarily,
these factors determine the final properties of the molded
part. Experimentally, the formation of the skin was found to
be thermally controlled at high temperatures and governed by
the shear stress level at lower temperatures [17,18].

The skin layer is formed due to the rapid cooling of the
hot melt against the cold mold wall during the filling stage.
Due to the high orientation of the chains in the melt at this
stage, the frozen skin layer displays high degree of
orientation. Although Zipper [19] showed that the highly
oriented molecular chains in the skin are tilted towards the
core and not parallel to the surface of the mold as could be
initially assumed, the simplified three-layer model used in
the present work will consider the chains in the skin to be
parallel to the surface. Future work will improve on this
concept and use a more accurate model. The thickness of the
skin layer depends not only on the thermomechanical
environment (cooling rate, stress fields) but also on the
molecular weight of the chains, with higher molecular
weights resulting in thicker skins [18].

Due to the insulation effect of the previously formed
skin, the low thermal conductivity of polymers and the
originally lower shear level, the core material has enough
time to undergo an extensive relaxation process—resulting
in lower orientation of the core region compared to the skin
region. Some models consider the core nearly isotropic as a
simplification. Since the present work deals with amorphous
materials, the core region will be assumed isotropic.

As pointed out before, computer simulations can provide
information to complement experimental results and
provide insights into phenomena that cannot be reproduced
experimentally, and are not performed with the intent of
replacing experimental testing. The concomitant use of
simulations and experiments is expected to produce a
synergistic effect, resulting in an improved understanding of
the properties and behavior of polymeric materials.

2. Simulation method

The statistical segment model of an amorphous poly-
meric chain has been used, as advocated by Flory [20]. In

the statistical segment model, several repeating units of a
chain are simplified as one single segment. The creation of
materials on the computer is described in Section 3.

The segments interact with each other according to a
series of interaction potentials. These differ for intra-chain
chemical bonding and inter-chain secondary interactions.
Since these simulations deal with both one- and two-phase
systems, different potentials were defined to characterize the
interactions between segments of the flexible polymer
matrix and those of a rigid liquid-crystalline (LC) second
phase. The intra-chain bonds between rigid LC segments are
represented by a narrow Morse-like potential, allowing only
very small bond extensions. In the case of the intra-chain
bonds between flexible segments, a spliced double-well
potential is used to allow for conformation transitions as in
real polymer chains. For both flexible and rigid segments,
the inter-chain (secondary) van der Walls interactions are
much weaker and are described by Morse-like potentials
with a relatively broad well. A detailed description of the
potentials has been provided in Ref. [1].

The molecular dynamics (MD) method has been
employed to perform the simulations. The preference over
alternative methods, such as Monte Carlo (MC) or Brownian
dynamics, has been explained elsewhere [1,2]. The time
evolution calculation uses a leap-frog algorithm [21].

The MD method considers a system of N particles
(statistical segments in this case) evolving along time. Each
particle is described by three Cartesian coordinates and
three momentum components along the main axes. As
these six variables are calculated at each time step of the
simulation, the method provides detailed time-dependent
behavior for every segment in the system. The major
difference between MD and MC is that in MD all particles
are moved at once at each time step, whereas in traditional
MC each particle moves at a time and that movement is
accepted or rejected. In the MD method, time is an explicit
variable, which allows the simulation of time-dependent
phenomena as well as equilibrium properties. This feature
is particularly important in the study of viscoelastic
materials.

The molecular dynamics (MD) method has been used for
many years to study phenomena which are inaccessible
experimentally, or which are too costly to perform [22].
Other significant advantages of computer simulation
methods are the ability to study the response under
hypothetical conditions which cannot be reproduced in a
laboratory, and being able to study variables independently
of one another. A detailed review of the various computer
simulation methods has been provided by Fossey [22].

MD methods have been employed in the investigation of
a wide variety of phenomena in different research areas.
Among these is the use of MD by Smith et al. [23] to
simulate the X-ray scattering pattern. On the topic of
tribology, Gerde and Marder [24] have investigated friction,
including its connection to the crack healing mechanism.
Theodorou et al. have applied both MC and MD to
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investigate a plethora of phenomena, such as diffusion [25],
permeation [26], elongational flow [27], and stress relax-
ation [28]. However, they follow a quite different approach
to the problem, performing simulations mostly at the
atomistic level, whereas the present study employs a
course-grain approach. MD simulations have also been
applied to investigate thermal properties and the melting
phenomena, including that of thin layers on a substrate [29,
30], and the thermodynamic properties of simple fluids and
polymer melts [31,32]. Diffusion coefficients of gases
through polymers [33] and the transport of fluids through
polymer membranes [34] have also been addressed through
MD simulations.

Another method of interest for the study of polymers is
the kinetic model of fracture, developed by Termonia and
co-workers. This method has been successfully employed in
the study of the mechanical behavior of polymers [35-37]
and the simulation of spider silk fibers [38]. Although
focused on phenomena occurring at significant different
length scales from those in the present study, fracture
mechanics approaches have also been employed in the
simulation of polymers [39-42].

The simulation method used in the present paper had
been previously applied to the study of stress relaxation in
metals and polymers [43-45]. Those simulations have
shown that stress relaxation is mainly achieved by plastic
deformation occurring in the vicinity of defects. In an ideal
lattice, the force required to initiate a crack is higher, but
then the force is sufficient to cause quick propagation. A
close similarity was found between the stress-relaxation
curves resulting from the computer simulations and those
from experiments. The simulation results also fit with the
Kubat cooperative theory of stress relaxation in materials.

This paper follows simulation work focused on investi-
gating the mechanical properties [1] and the crack formation
and propagation phenomena in PLCs [2]. Two of the key
questions are where cracks form in the material and how
they propagate, since they could have equally been
expected to form in the flexible matrix because of its
relative weakness or inside the second phase because of
their relative rigidity. Based on simulation results, it was
shown that cracks appear preferentially between regions
where agglomerates of the second phase exist in close
proximity. The cracks then grow along the interface of the
two phases. Whenever that preferential crack growth path is
unavailable, cracks will propagate through the flexible
phase.

More recently, a similar simulation method was
employed in the study of tribological properties, namely
scratch resistance and recovery of amorphous polymeric
materials [3]. Although at a preliminary stage, these
simulations indicate that the tribological properties are
mainly dictated by the local chain geometry. In the case of
two-phase PLCs, performance can be improved if the
rigid second phase exhibits preferential migration to the
surface.

3. Material generation procedures

3.1. Single-region materials

Both one- and two-phase polymeric materials were
created on the computer. In each of these cases, the
amorphous phase is comprised of a series of self-avoiding
coiled chains. For two-phase materials, a rigid LC phase is
then dispersed in the flexible matrix up to a specified
concentration.

The creation of the coiled chains follows a procedure
developed by Mom [46] and later modified to result in a
more realistic representation of polymeric chains [47]. All
segments in the material are initially positioned in a
triangular lattice, filling all available positions. At this
stage, each segment represents one chain of length 1. The
reasons for using the triangular lattice have been previously
discussed [43,47], but the main reason is the more realistic
coordination number than, for example, that of the square
lattice. Following this procedure, both completely filled
lattices and those containing vacancies can be created.

Chains grow along time by bonding of neighboring end-
of-chain segments, similarly to the step-wise polymeriz-
ation process. Whenever several pairs of segments are
equally spaced, which happens very frequently in the early
stages of the procedure, one of these pairs is randomly
picked, and the segments bond to form a chain of length 2.
This mechanism is then repeated until no more segments
can be bonded in this way. A preferential direction can be
defined for chain growth, originating structures with varying
degrees of orientation along the main axes. However, in the
present work this feature was not used and the amorphous
phase is always randomly oriented. Even though the
procedure for chain growth is relatively simple, the resulting
three-dimensional materials exhibit several realistic fea-
tures, as previously described in Ref. [47].

In the case of two-phase polymer liquid crystals (PLCs),
the LC reinforcement is then added to the flexible matrix.
Experimental data clearly shows that the LC phase forms
quasi-spherical agglomerates [48,49], usually called islands.
Thus, in order to achieve the desired LC concentration,
islands of a chosen size are introduced in the CGM by
random sequential addition.

To determine the influence of the LC concentration on
the properties and behavior of the CGMs, as discussed in
Section 5.2, it was essential that the effects of the chain
geometry and island spatial distribution were prevented,
since these have been previously shown to affect the
mechanical response of the material [2,50]. Thus, for
creating the materials described in Section 5.2, an approach
that isolates the influence of the LC concentration was
employed. Instead of independently creating materials with
varying LC concentration, a CGM containing the highest
LC concentration of interest is created first and then islands
are randomly removed to obtain lower concentration
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materials. In this way, the chain geometry and island spatial
distribution are kept constant.

As the islands are placed in random positions in the
material, it is common to find in a CGM some regions with
high local concentration surrounded by regions of lower
concentration. As could be expected, this distribution of the
islands greatly influences the crack initiation and crack
propagation phenomena [2]. Simulations were also used to
investigate the influence of the size of the LC islands. At
least within the studied size range, the island size did not
significantly affect the properties, and had a negligible effect
during the early stages of the simulation [50]. However, it
does seem to affect the large-scale deformation process as
well as the cracking phenomena.

A detailed description of the material generation
procedure has been previously provided [47], together
with an analysis of the resulting three-dimensional CGMs.

3.2. Multi-region materials

As previously discussed, IM thermoplastic parts exhibit a
skin-core pattern, due to rapid cooling of material directly in
contact with the cold mold walls. In order to represent such
materials on the computer, multiple regions inside a CGM
have been considered. The term skin region is used when
referring to regions of aligned chains, which can be aligned
with an axis or slanted at a certain angle. The term core
region is used when referring to regions of coiled chains (for
any degree of orientation chosen).

The skin ratio (S,) was defined as the breadth of the skin
region divided by the total breadth, or in other words, the
number of lattice rows of the skin region divided by the total
number of lattice rows.

The creation of core regions follows the procedure
described in Section 3.1. Although the orientation of the
amorphous chains could be controlled by specifying a
desired value of the probability of alignment of each bond
with a certain axis, the simulations discussed in the present
paper were performed with completely isotropic core and
completely aligned skin. The skin is created following an
analogous procedure but now the bonds can only form along
a preferential direction, the x-axis in this case.

Two optimization algorithms have also been developed to
allow more flexibility to the generation process. A detailed
description of these has been provided elsewhere [47].

An example of a 5-region material created using this
procedure is shown in Fig. 1. The regions are, from top to
bottom, skin 100% oriented with the x-axis, slanted skin at
120° with the x-axis, randomly oriented core, slanted skin at
60° with the x-axis, and skin 100% oriented with the x-axis.

4. Simulation details

The CGM creation process, described in Section 3, is
based on placing segments in lattice positions. This
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Fig. 1. (a) Five-region material within a simulation cell containing
approximately 900 statistical segments. Each chain is represented in a
different color for ease of visualization; (b) another view of this material
with segments shown as spheres.

corresponds to an idealized structure with all bonds in a
non-strained state. A random perturbation is introduced in
the beginning of the simulation procedure by slightly
shifting the position of all segments by a small random
value (less than 1% of the equilibrium distance between
segments). Then, the first simulation step is run with no
external forces applied to allow the system to reach
equilibrium.

After that stage, a uniaxial external tensile force is
applied to the edges of the material along the x-axis. The
value of the external force starts at zero and increases by the
same amount at every simulation step until fracture of the
material is observed.

The shape of the CGM changes along the three Cartesian
axes during the simulation, depending on the loading
conditions and the structure of the material. Thus, the
engineering stress is no longer an accurate measure of the
mechanical environment the material is being subjected to.
In order to calculate the true stress on the material, it is
divided into 10 sections along the x-axis (although this
number could be easily changed to accommodate materials
of significantly different size), and the geometry of each
section is monitored along time. Since the deformation is
clearly non-homogeneous, with both localized necking and
crack formation occurring under different conditions, abrupt
changes in the true stress behavior are often observed.

In these simulations the force is always applied along the
x-axis, and thus, the cross-section is defined in the y—z plane.
All sections are initially parallelepipeds of equal size,
except for the last section, which depends on the exact
number of columns in the material. Each section is defined
by the positions of the segments at their eight corners. These
segments are assigned to each section in the beginning of
the simulation, and their change in position along time
determines the geometry of the sections. The initial division
of the material in sections and the definition of a section are
shown in Fig. 2.

Each section can be characterized by two cross-sectional
areas, one defined by the leftmost segments and the other
defined by the rightmost segments along the x-axis. These
two areas are labeled A; and A, in Fig. 2. An average cross-
sectional area is then calculated for each section simply as
the average of A, and A,. The true stress o, is calculated
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Fig. 2. Sections used in the CGM to compute the true stress.

based on the minimum average cross-sectional area of all
sections:
F,

ext
= — = 1
% min{Al,Az,...,Alo} ( )

There are some unavoidable approximations involved in
this analysis: segments intersected by the boundary between
two sections are considered as belonging to only one of
them, and a small number of segments sometimes escape the
overall boundaries of all sections. These effects have been
thoroughly tested and present a negligible effect on the final
results. When the system reaches large-scale deformation,
however, the shape of the sections sometimes becomes
inadequate for calculating the cross-sectional area. In this
case, the user must determine up to which simulation step
the values of the true stress should be considered.

Since these simulations deal with phenomena at a
macromolecular level, the use of the general concept of
macroscopic strain at this scale is arguable. However, by
applying again the sections concept, the strain is calculated
from the distance between the leftmost and rightmost cross-
sectional areas of the material, that is, A, of section 1 and A,
of section 10. Although typically it would be of interest to
measure the strain at break as a material property, the
random nature of the cracking phenomena makes it more
useful in some cases to measure the strain at a certain time
into the simulation. Since all simulations are performed with
the same loading conditions, that measurement is represen-
tative of the mechanical history on the sample and provides
a qualitative indicator of the material response.

A system of coherent dimensionless units is used in these
simulations, as previously described [1]. The length of a
non-strained bond corresponds to a unit of length, the mass
of a statistical segment corresponds to a unit of mass, and
the energy needed to dissociate a bond corresponds to a unit
of energy. Thus, a unit of force is given by the ratio of one
unit of energy to one unit of length. Other quantities can be
similarly defined.

5. Selected results

The skin ratio and the concentration of the rigid LC
second phase have been varied to observe the effects on the
properties of the material. All the CGMs discussed in this
section were created within a simulation cell containing

approximately 2400 statistical segments. A single simu-
lation was run for each set of conditions. This was mainly
imposed by the computation time required for each
simulation. The variability of results from several simu-
lations with the same set of conditions was confirmed to be
small enough not to affect the overall results discussed in
this paper.

Five values of the skin ratio S, were used, varying
between O (single-core region) and 1 (single-skin region) in
equal intervals of 0.2. For each S, the modulus is calculated
from the stress—strain curves using two different methods:
the slope of the initial linear region of the curve, defined as
the apparent modulus (E,,,), and a secant modulus at a
strain of 0.1 (E.). In these simulations, the true stress was
also determined following the procedure described in
Section 4.

Section 5.1 describes results for a fully flexible material.
The results for the two-phase materials, respectively
containing 20 and 30% LC phase, are discussed in Section
5.2. This analysis allows investigation of the effect of the
skin ratio and simultaneously the effect of the second phase
concentration on the properties. Although it would be too
extensive to represent the structures of all the simulated
CGMs, selected structures are shown in Fig. 3.

5.1. Effect of the skin-core ratio

For perspicuity sake, the behavior of single-region
materials, which are the limiting cases, shall be investigated
first. After that, the more complex case of three-region
models shall be addressed. The stress—strain curves for the
skin ratios of O (single-core) and 1 (single-skin) are shown
respectively in Figs. 4 and 5.

As expected, the skin and the core regions display
different behavior. The core material is characterized by
large-scale deformation developing along time due to chain
motion mechanisms, such as chain unfolding and chain
separation. The true stress levels are much higher than the
engineering stress, due to significant cross-section reduction
during deformation. Moreover, the reduction is not uniform
throughout the material, and is dependent on the local chain
geometry. The true stress has a higher slope than the
engineering stress, which indicates a progressive tendency
for the cross-section to decrease with increasing values of
the force. This is expected, since large-scale deformation in
the direction of force application is accompanied by a
decrease in size along the perpendicular directions.

In the skin material, higher values of the true stress are
observed compared to the engineering stress. However, in
this case, the two curves have a very similar shape. This is
due to the fact that in the skin material, all chains are
oriented with the direction of force application. Thus,
elongation is achieved initially by bond conformation
changes, which is accompanied by a decrease in the
cross-section. However, after all bonds have changed
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Fig. 3. Examples of CGMs used for simulation: (a) single-phase CGM of S,=0.2; (b) single-phase CGM of S,=0.6; (c) two-phase 20% LC CGM of S,=1; (d)

two-phase 30% LC CGM of S,=0.

conformation, the force continues to increase but the cross-
section remains approximately constant up to fracture.

This behavior can also be seen in the two distinct regions
of the curve, one similar to the core material and another
characterized by a very high slope, where the force increases
substantially with very small change of deformation. In the
second region, the applied force already caused all bonds to
change conformation, but it is not sufficient to break primary
bonds in the material. The force keeps increasing up to the
point where it can cause primary bond rupture. At that point,
the material fractures.

Even though the engineering stress of the skin material is
higher than the core material, particularly near fracture, the
true stress levels on both materials at fracture are very
similar. Although they fail at very different force values, the
changes in cross-sectional area are also significantly
different, resulting in similar values of true stress at fracture.
This is discussed in more detail below.

The evolution of the section geometry along time for the
core material is shown in Fig. 6. As explained above, the
differences in behavior of the engineering and true stresses
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Fig. 4. Stress—strain curve for the case of a single-core region. Here, o, is the
true stress, o, is the engineering stress, and ¢ is the strain.

can be explained by the significant changes in section
geometry during deformation. Moreover, it is clear from this
figure that the deformation is non-homogeneous, thus
resulting in different values of the cross-sectional area of
the sections. For comparison, the case of the skin material is
shown in Fig. 7. Although in early stages there is a decrease
of the cross-sectional area, it then remains constant for an
extended period preceding fracture.

The apparent modulus (E,,,) and the secant modulus
(Esec) are shown in Fig. 8 for each S, simulated. As
expected, there is a general tendency for the modulus to
increase with increasing S,. This is due to the more rigid and
brittle behavior of skin regions. Although the two methods
of modulus calculation result in different values, the general
tendency is similar for both cases. The differences are
related to instability of the curves at the initial stages, where
deformations are small and the choice of points for modulus
calculation influences the results.

The values of the strain at break (e,) for varying S, are
shown in Fig. 9. The strain at break tends to decrease with
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0.03 f"
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0 S ; ; ‘
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Fig. 5. Stress—strain curve for the case of a single-skin region. Here, a is the
true stress, o, is the engineering stress, and ¢ is the strain.
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Fig. 6. Changes in the geometry of the sections during deformation of the core material: (a) =1 simulation step; (b) =14 simulation steps; (c) t=18

simulation steps; (d) =23 simulation steps.

increasing S;. As previously stated, the skin regions are
more rigid and brittle than the core regions. Therefore,
although higher skin ratios exhibit a higher modulus, this
also results in fracture at lower deformations. Decreased
ductility with increasing degree of orientation has been
experimentally observed [14]. A significant decrease of the
strain at break with increasing skin thickness was reported
for injection-molded polypropylene [51].

From the analysis of Fig. 9(a), the core material seems to
have a lower strain at break than materials with S, of 0.2 and
0.4. This happens because it is very difficult to establish
fracture criteria that can be applied to all simulations.
Actually, since the core material exhibits large-scale
deformation, the bulk of the material does not deform
uniformly as the skin material does. It is useful in this case
to measure the strain after a certain time for each S, under
equal force conditions. In that case, a more accurate
representation of the extent of deformation is obtained, as
shown in Fig. 9(b). Note that the time scale is in simulation
steps since the status of the material is not recorded every
time step, but only every 2000 time steps. Thus, each
simulation step corresponds to 2000 time steps. The values

of the engineering stress and true stress at break have also
been compared for the different S;; see Fig. 10.

The engineering stress at break does not show a
significant dependence on S,, except for the case of the
single-skin region. For that case, the high value is due to the
limited chain motion that requires the force to reach values
sufficiently high to break primary bonds, as previously
explained. The true stress decreases with increasing S;, since
skin regions tend to exhibit smaller changes in the cross-
sectional area than core regions. This does not hold for the
single-skin region, due to the reasons previously described
for the engineering stress. Thus, the global behavior of these
materials seems to be mainly determined by the core region.
In the single-skin material, the absence of core results in
significantly different behavior.

5.2. Effect of the liquid-crystalline (LC) concentration

The differences in the stress—strain behavior for the
varying skin ratios of the 20% LC material are shown in
Fig. 11. The true stress increases dramatically near fracture,
since the cross-sectional area is being significantly
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Fig. 7. Changes in the geometry of the sections during deformation of the skin material: (a) =1 simulation step; (b) r= 14 simulation steps; (c) t=18

simulation steps; (d) =27 simulation steps.

decreased. This feature of the curve is also observed in
experimental determination of the true stress.

Similarly to the approach discussed in Section 5.1, the
skin ratio was varied between 0 and 1 for each LC
concentration value. The secant modulus for each of these
materials is shown in Fig. 12.

The secant modulus for 20 and 30% LC concentrations
shows the same tendency as it did for the flexible material,
increasing with S;. Fig. 12 also shows that increasing LC
concentration results in an increase of the modulus. Thus,
the second phase is performing its role as reinforcement. For
the 30% LC case, the effect is significantly accentuated at
high S,. This is because the predominant deformation
mechanism of the skin region, bond conformation change, is
highly limited by the large number of islands.
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Fig. 8. Effect of the skin ratio (S;) on the modulus (E). Here, E,p, is the
apparent modulus and E, is the secant modulus.
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Fig. 9. Strain behavior for different skin ratios (S,): (a) effect of the skin
ratio on the strain at break (ey); (b) strain at time =20 simulation steps (¢').

The increased rigidity of the two-phase materials also
reflects on the strain behavior. The strain after a certain
simulation time can be calculated for all materials and
compared with the flexible case. This is shown in Fig. 13.

The strain at time =20 simulation steps decreases with
S, for the two-phase materials similarly to the case of the
flexible material. The LC phase also significantly reduces ¢’
Note that the values for the skin material containing 30%
LC are one order of magnitude lower than for the other
materials.

The presence of the LC phase could be expected to
equally affect the true stress at break o, ;,. However, since the
presence of LC islands both increases the rigidity of the
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0.015 e .
0.01

0.005 - - . . .

0 -+ T T T T 1

Fig. 10. Effect of the skin ratio (S;) on the stress at break. Here, o, is the true
stress and o, is the engineering stress.
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Fig. 11. Effect of the skin ratio (S;) on the stress—strain behavior of the 20%
LC material. Here, o, is the true stress and ¢ is the strain.

material and decreases the deformation, thus also limiting
the decrease in minimum cross-sectional area, oy is not
significantly affected except for the limiting cases. This
effect is shown in Fig. 14.

For all materials with a skin region, the LC phase
actually induces a decrease of the g due to the combined
effect of the skin and the islands, that partially prevent the
changes in cross-sectional area. However, the core material
exhibits increasing o3, with increase in LC concentration. In
this case, the random distribution of the islands causes some
regions of the material to deform more and others to deform
less. The regions with higher deformation will exhibit
significant decrease in cross-sectional area. To better
understand this, the minimum cross-sectional area at break
(Amin) can be compared for the different materials. This is
shown in Fig. 15.

6. Concluding remarks

By emulating the step-wise polymerization process, it is
possible to create realistic polymeric materials on the
computer. These materials exhibit the important features of
real polymers, such as the end-to-end distance of chains and
molecular weight distribution. The software developed also
allows control over the morphology of the material, degree
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Fig. 12. Effect of the skin ratio (S,) on the secant modulus (E..) for different
LC concentrations.
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Fig. 13. Strain behavior of materials with different LC concentrations as a function of the skin ratio (S,). Here, ¢’ is the strain at time =20 simulation steps.
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Fig. 14. True stress at break (o,) of materials with different LC
concentrations as a function of the skin ratio (S,).

of orientation and dispersion of a second phase. In the case
of multi-region materials, the relative size of each region
can be easily varied and then related to the final properties.

The rigid LC phase indeed performs its role as
reinforcement, increasing the modulus of the material;

357

min

A

however, it also favors the formation and propagation of
cracks. The material becomes stronger but simultaneously
more brittle.

True stress calculations have shown how the changes in
cross-sectional area result in true stress levels much higher
than those indicated by the engineering stress. In this way, a
more accurate measure of the mechanical conditions
imposed on the material is obtained. Furthermore, the true
stress behavior is qualitatively different from that of the
engineering stress. Since the material often exhibits highly
localized deformation, the true stress in a certain region can
increase substantially compared to the overall values. In that
case, those regions become probable loci for failure to
occur. This effect also reflects on the free volume
measurement for those regions. The free volume affects
the mobility of the segments and thus affects the mechanical
properties.

Skin-core layered structures have also been studied. The
skin and core regions exhibit completely different behavior
due to their specific morphologies. Skin regions are
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Fig. 15. Minimum cross-sectional area (A,,;,) for materials with different LC concentrations as a function of the skin ratio (S,).
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predominantly brittle and break at relatively low strain
values, while core regions are predominantly ductile and
have high values of the strain at break. However, both
regions were found to fail at similar true stress levels. The
skin-core ratio was shown to influence the mechanical
properties even if the orientation of each region is kept
constant.

In future simulations, a 5-region model can be used,
instead of the simplified 3-region model employed thus far.
However, in order to expand the model, it is required to
experimentally delaminate and analyze each region indivi-
dually so that the model accurately represents the real
structure.

The possibility of predicting the mechanical properties
from simulation results is encouraging, but further work is
required before quantitative relationships can be estab-
lished. Although the simulations have provided pertinent
information regarding phenomena taking place at the
mesoscale, the jump to macroscopic properties and behavior
requires additional work.
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