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Abstract. Molecular dynamics simulation of glassy polymethylene (PM) plastic
deformation is performed up to € = 30 % in uniaxial compression and 60 % in tensile regimes
at a temperature of 50 K, which is ~140 K below T . of the polymer. All atoms of PM chains
are represented explicitly. Calculations were performed for two series of samples with different
molecular mass distribution of chains. Each sample contains 12 288 -CH,- monomeric units
per computational sell. Contribution from various interactions to potential energy of the system
was investigated. Nonaffine displacements of methylene groups and conformational
rearrangements in chains during deformation are visualized and analyzed. The transformation
of relative fragments of chains up to 16-20 monomer units length are basic structural units,
nonconformational displacements of which control plastic process. Relatively large nonaffine
displacements are observed even in the range of low strains, which are usually interpreted as
Hookean strains. In the range of yield tooth and steady plastic flow, the number of these
displacements increases along with their amplitude. Conformational set of PM chains does
not show a serious change during deformation. Analysis had shown that the number of
conformational rearrangements of trans-gauche type in PM chains during deformation is small
and such rearrangements do not play decisive role in the considered range of PM plasticity,
even at € > 15 %, at the stage of the developed plastic flow.

Key words: polymethylene, potential energy, plastic deformation, molecular mass,

fragments of chains, low strains.

1. Introduction

The study of the plastic deformation of glassy
solids via computer simulation methods has
noticeably developed over the past few years [2;
3; 12; 21; 28]. The same is true for the study of
deformation of glassy polymers [6; 8; 10; 25; 37;
43; 47]. However, the role of chain motions in the
inelastic deformation of these polymers remains
unclear. Early ideas about the inelastic deformation
of glassy polymers are based on the pattern that
plastic mass transfer is related to motions of chain
segments whose displacements under an external
force are responsible for changes in the sizes and
shapes of macromolecular coils and samples. In
addition, it was assumed that the conformational
unfolding of chains [27] or the formation of kinks
in the chain backbone [3] play a marked role in the
plasticity of glassy polymer systems. However, as
was shown experimentally, changes in
conformational composition with an increase in
deformation occur only at very large strains in the
strain hardening region [37]. At low and modest

strains (<4 0%), changes in conformational
composition are seen in neither vibrational [36; 46]
nor NMR spectra [49]. Numerical simulations
showed also that, although deformation is
responsible for noticeable conformational mobility,
the conformational composition of samples at
moderate strains vary insignificantly [5; 8; 17; 24;
26; 33; 47, 48] and the conformational composition
change at very high strains solely in the strain
hardening range [17; 24; 33].

Modern models of the plasticity of glassy
solids and polymers consider new mechanism:
plastic processes in these systems consist of either
nucleation of localized shear transformations with
increases in their concentration during loading and
subsequent relaxation [4; 6; 14; 33] or formation
of localized zones of shear transformations [13;
22; 44]. An increment of plastic strain arises in
glassy structures owing to the appearance of
nonaffine atomic displacements in shear
transformations or zones [22].

In the present study, the molecular dynamics
simulation of the uniaxial compression of the
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amorphous polymer at a temperature of 50 K is
performed of all atom model of glassy
polymethylene (PM). Nonaffine displacements of
skeletal atoms of the polymers at different strain
levels are accentuated and visualized, and the
forms of displacements of atoms of
macromolecules in the glassy state of the PM
material during its macroscopic plastic deformation
are analyzed. In analysis of atomic displacements
that occur during deformation of the material, an
attempt is made to reveal the participation of
conformational rearrangements in the process and
to quantify their contribution.

2. Preparation of Samples for Simulation

Amorphous PM samples were prepared in
several steps. First, 3072 “butadiene” C,Hg
molecules in the trans configuration that contain
only two hydrogen atoms per end groups were
uniformly distributed in a computational cell with
periodic boundary conditions. The density of the
system was extremely low (0.07 g/cm?). This
configuration was chosen as the initial one for
molecular dynamics calculations. In cell, a
temperature of 800 K was maintained for 182 ps,
whereas the volume was continuously decreased
via hydrostatic compression of the computational
cell from a density of 0.07 g/cm?® to 0.8 g/cm’.
Thus, with the use of independent sequences of
pseudorandom numbers for a thermostat, 32 various
samples of liquid “butadiene” were obtained.

At the next step, “butadiene” was
polymerized at a constant volume. At each step of
molecular dynamics calculation during this process,
end carbon atoms of molecules (for both initial
“butadienes” and synthesized polymers) that were
at a distance shorter than 3.5 E and did not belong
to the same molecule were bound via a harmonic
potential. This procedure produced no branching,
because once-bound atoms were no longer
considered end atoms. When polymerization was
completed, new lists of valence bonds and valence
and torsional angles were composed for the
synthesized polymer systems.

Two series of calculations were conducted.
In series C1 (32 samples), polymerization was
performed with simultaneous cooling to 300 K at
arate of 5 K/ps followed by keeping of the samples
at this temperature and a constant volume for
60 ps. Then, the polymer samples were kept at a
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thermostat temperature of 300 K and an external
pressure of 1 atm for 1 ns. During this time, the
internal temperatures, pressures, and components
of the potential energy for the samples attained
constant values.

In the second calculation series C2
(8 samples), polymerization was performed for
100 ps at 800 K followed by relaxation of the
formed polymer system for 86 ps with a new list
of valence bonds. Afterward, these samples were
cooled at a constant volume to 300 K at a rate of
5 K/ps and were kept at this temperature and a
constant volume for 90 ps. Then, the samples
were relaxed at a temperature of 300 K and a
pressure of 1 atm for 86 ps. After all relaxation
procedures, the densities of the samples attained
equilibrium values of 0.804 + 0.002 g/cm® and
0.808 +0.001 g/cm? for C1 and C2, respectively.
These values are somewhat lower than the
experimental values (0.853 g/cm?) in the
amorphous phase of semicrystalline PE [6].

Because the polymerization conditions in
both series were different, the length distributions
of chains in them were likewise somewhat
different. For samples of series C1, the average
degree of polymerization was 211 + 16
(M, =2955+ 220, M, = 6011 + 790, and a
polydispersity index of 2.034 + 0.22). For series
C2, the average degree of polymerization was
352 +36 (M, =4923 + 500, M, = 9548 + 1270,
and a polydispersity index of 1.955+0.31). Longer
chains (up to 1800 methylene groups) were formed
in series C2, but noticeable amounts of short
oligomers composed of 4-10 methylene groups
were present in both series (Fig. 1).

At the third step, all samples were cooled at
a constant rate from 300 K to 50 K for 250 ps at
a constant pressure of 1 atm followed by
relaxation of this system at this temperature for
400 ps. Glass-transition temperatures T, were
estimated from the temperature dependence of
density (Fig. 2). The values of T % obtained for both
series were slightly different owing to different
degrees of polymerization: 171 + 6 K for series
C1land 180+ 10 K for series C2. These estimates
are close to the experimental value of 190 K [6].
Slightly underestimated glass-transition
temperatures may be explained by a high cooling
rate of the samples. For C1 and C2 samples,
densities at 50 K were found to be close to
0.867 g/cm’, respectively.
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Intra and inter molecular interactions were
calculated with the use of the AMBER99 force
field [51]. The parameters of potentials of atom-
atom interactions used for the simulation are
presented below (Table 1), where C designates
carbon atoms and H designates hydrogen atoms.
For numerical integration of the equations of
motion, the Verlet velocity algorithm was used [1].
The integration step was 0.5 fs. Temperature in
the system was maintained with a collisional
thermostat [30], pressure was set and maintained
with the Berendsen barostat [11].

3. Results and Discussions
3.1. Stress-Strain Diagrams

Plots show the obtained stress-strain ¢ — €
diagrams at two loading rates. The patterns of

frequency x10°

the diagrams are typical for glassy polymers:
namely, a linear dependence at low strains
(e <5 %) followed by a yield peak (5% < g <
12 %) with a yield tooth strain of g,~ 12-14 %.
At € > 20 %, the steady plastic flow state sets in.
For C1 and C2 samples, the diagrams practically
coincide (Fig. 3).

Young’s modulus is 3.8 GPa and yield stress
in the tooth o, is 220 MPa in stretching.
Compressive modulus £ and yield stress in the tooth
o, depend on the strain rate: at 50 K and a rate of
€=107ps’! (Fig. 2, b, curve 3), E = 4.41 GPa and
o, =400 MPa, while at £=10%ps!, E=3.83 GPa
and 6 =330 MPa. The calculated values of £ are
close to the experimental values for glassy
polymers. However, the values of ¢ are about 4-
5 times higher than the experimental data [39].
This fact is usually explained by very high loading
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Fig. 1. Molecular mass distribution (—m— C1 samples; —a— C2 samples), the step is 224 amu
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Fig. 2. Variation in the density of C2 samples with temperature. The T . value is marked by an arrow
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rates during simulation, but it may be caused also
by a high internal-stress level in the polymer
system prior to its deformation [6; 48]. The
Poisson ratio in all cases was 0.40 + 0.03.

Fig. 4 presents the curves of the density of
PM glass in the course of its deformation in
compression and stretching. It might be expected
that a specimen in stretching is substantially
expanded, but the observed density decrease
turned out to be unexpectedly large (= 8 % at
g, =30 %). In compression, the calculated PM
density varies insignificantly (within 1 %), which
we observed previously in compression of

TEXHUKO-TEXHOJOI'HMYECKHUE MHHOBAIIUN

oligomers [10]. So noticeable differences between
the glassy PM density changes have a
considerable effect on the contributions of
interactions of various types to the increase in
the internal energy of PM glass in deformation.

3.2. Internal Energy

Fig. 5 illustrates the internal energy changes
AU, in compressive and tensile deformation of
specimens and the contributions of interatomic
interactions of various types to them. As it was
expected [6] and according to the experimental
data [45], the total internal energy (curves /) of
glassy PM increases both in stretching and in

Table 1

Potential parameters of atom-atom interactions are used for the simulation.
C - carbon atoms, H - hydrogen

Valence bond potential: U(L)=K; (L — L)’

C-C:Lo=1.526E

K, = 310 keal/mol/E

C-H:Lo=1.090 E

K, = 340 keal/mol/E

Valence angle potential

- U(0)=K_(6 — 0p)

C-C—C: 6p=109.5°

K¢ =40 kcal/mol/rad

C—C—H: 0,=109.5°

Koe=50 kcal/mol/rad2

H-C-H: 69 =109.5°

Kq=35 keal/mol/rad”

Potential energy of rotation angles: U(@)=Ky (1 + cos(3¢))

X-CCX

Ko=0.156 kcal/mol

X=CumX=H)

Van-der-Waals interactions between atoms of different molecules or
atoms separated by more than two atoms in the same chain:
Uyw(r) = Uri(r) - ULi(Rofp); r<Rofr, Rogr=10.5E

Uni() = & [(Ruin/r

22 (Rypin/1)°]

ecc = 0.1094 kcal/mol

Rmin,CC = 3.816 E

epy = 0.0157 kcal/mol

Ryt = 2.974 E

ecn = (ecc &)™

Rmin,ct = 0.5:( Rmincc + Rminan)

o, GPa
04}

0.3

0.1}

0.0 |

0 10

20 30
g, %

Fig. 3. Diagrams ¢ — € obtained via simulation:

1-3 — compression, 4 — tension.
(1,4) C1 samples at &€ = 10 ps™ and (2, 3) C2 samples at € = (2) 10* and (3) 107 ps”, respectively; T, .= 50 K.
Vertical lines indicate standard deviation
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compression. Interestingly, the absolute values of
AU, at strains g,< 30 % are equal for loadings
of both types, although the deformation work
(area under the o — € curve) is appreciably larger
in compression. The internal energy change is
maximal in glass near the yield peak and is stored
less rapidly at large strains in the plasticity region.
At the elastic stage of total deformation (g, <2 %),
the increase in U, is insignificant and agrees with
the experimental data [34].

The AU, versus g, curve (Fig. 5, curve /)
is sigmoid, which is indicative of two stages of
development of plasticity. With increasing strain,
insignificant changes in U, in the elasticity region
are followed by a rapid near-linear increase, which
suggests an increase in the concentration of
excited deformation structures in glass. However,
ate,>¢, there is a definite tendency for the AU,
curves to plateau, i.e., for the process to become
a steady-state plastic flow. Such behavior exactly
agrees with the experimental data [6; 34].

The data on the fraction of the stored energy
U, in the total deformation work 7, i. e., the ratio

[oR g/em®
0.86
0.84 1
0.82

0.80

P = AU, /AW within a chosen e range, suggest
interesting conclusions on the plasticity mechanism
in polymer glass. In stretching, P = 0.77 at
g,= 10 % and then rap idly decreases to 0.57 at
g, = 30 %. In compression, P=0.97 ate, = 10 %
and reduces to 0.74 at ¢, = 30 %. Thus, the
fraction of the stored energy in the deformation
work in stretching exceeds that in compression.
The presented data show that, before the steady-
state plastic flow stage, i. e., before € < 30 %,
the glassy poly methylene deformation work is
mainly done to produce excited deformation
defects, and this process is the main one in the
polymer glass plasticity mechanism. This situation
differs significantly from that observed in
deformation of crystalline metals, where the work
done is mostly converted to heat. The presented
results demonstrate that the limiting stages in the
kinetics of deformation of polymer glasses and
crystalline metals are essentially different: in
polymers, the limiting stage of plasticity is the
nucleation of deformation defects, rather than their
development (glide of dislocations in crystals).

St, %

0 10

30 40

Fig. 4. Density-true strain curves in uniaxial (/) compression and (2) stretching, averaged over 32 specimens
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Fig. 5. Potential energy change and its components in uniaxial (¢) compression and (b) stretching at 50 K:

(1) the internal energy change AU, and the contributions made to AU, by (2) noncovalent interactions, (3) internal rotation
angles, (4) bond angles, and (5) covalent bonds
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Let us now consider the contributions of
interactions of various types to the storage of
U... Fig. 3 demonstrates that the deformation of
chemical bonds hardly contributes to the increase
in U, (curves 5). The main contribution to AU,
in stretching is made by van der Waals
noncovalent interactions (curves 2), more
specifically, mainly their intermolecular
components, as the calculations showed. The
interactions of the other types (Fig. 5, b, curves
3-5) make no noticeable contribution to the total
increase in U, of glass. This confirms the fact
known for isotropic organic polymers that their
mechanical behavior is primarily determined by
the van der Waals interactions, whereas the
intramolecular covalent interactions in
deformation play no noticeable part.

The situation in compression is somewhat
different. In this case, a marked contribution to
the energy storage in deformation is made by
changes in the energy of bond angles and internal
rotation angles (Fig. 5, a, curves 3, 4). The
contribution of the latter is even larger than the
contribution of the noncovalent interactions.
Unlike tensile deformation, where an increase in
the free volume facilitates intramolecular
relaxation and the internal energy change is mainly
due to an increase in the interchain distance, the
density in compression changes insignificantly.
The high density in compression complicates
intramolecular relaxation, which leads to an
increase in the energy of the mildest interactions:
the ones of rotation angles and bond angles. In
other words, the similar energies U, of deformed
PM in stretching and compression are differently
redistributed in the material between various
degrees of freedom: in stretching, the main
contribution is made by the intermolecular
interaction forces, and in compression, there is a
noticeable contribution of changes in bond and
rotation angles, which exceeds the contribution
of the noncovalent interactions.

The simulation of the plastic deformation of
the simplest real polymer, glassy PM, detected a
number of features of this process. First of all, in
the deformation in the polymer, an excess energy
is stored, as in solids of other types, e.g. metallic
crystals. The stored energy U, of PM glass
initially increases to € = 30 % and then plateaus
to a limit. The observed limit corresponds to
steady-state plastic flow of glass.
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A large (75-95 %) fraction of the
deformation work in PM glass is converted into
the internal energy of glass, rather than dissipates
to heat as in crystalline metals. This is indicative
of difference in plasticity mechanism between the
materials of both classes.

3.3. Nonaffine Deformational Displace-
ments

Nowadays, it is commonly accepted [4; 5;
6; 21; 26; 48] that the main contribution to the
plastic deformation of glass (both nonpolymer and
polymer glasses) is provided by the nonaffine
displacements of atoms arising during the
formation of basic carriers of plasticity in glass,
i.e. shear transformations. The construction and
analysis of fields of atomic displacements for a
number of glassy systems during their deformation
or plastic flow were often used to visualize atomic
processes occurring in materials under the action
of external mechanical forces. However, in recent
years, it became clear that the common field of
atomic displacements is not an ideal instrument
for studying deformations [21]. In [22], a new
method was advanced to reveal local plastic
rearrangements; it proved to be efficient in the
analysis of plastic-deformation mechanisms in
metallic glass [6; 7; 22; 28; 45].

In the present paper, this approach was
employed and fields of nonaffine displacements
arising during deformation of glassy PM were
analyzed. In order to calculate the magnitude of
nonaffine displacements of carbon atoms
(displacements of hydrogen atoms were not
considered) relative to their nearest surrounding,
mean-squared difference D?(z, Dt) of real
changes at distances between the considered
particle and the atoms surrounding it and the
distances that correspond to affine displacements
g in this range during time D¢ was calculated for
each carbon atom during transition of the system
from its state at time # — Dt to its state at time #:

2

=33 00~ S, [ ) -]

Here, 7/(¢) is the ith component of the radius

vector of particle n at time ¢, the zeroth index
corresponds to the atom for which the calculation
was performed, 81.]. is the Kronecker symbol, and
g is the strain tensor. In order to reduce the effect
of thermal vibrations, in these calculations we used
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the coordinates not instantaneous but averaged over
1 ps. Adjusting the value of tensor &; that minimizes
D? makes it possible to find such a local affine
transformation that best reproduces the affine
deformation of the environment of the considered
particle. In order to estimate local structural
rearrangements, we used D , Which characterizes
the displacement of the considered atom relative
to its local environment over time Az:

Duin (£,At) = |min {Dz (s, At)} /N.

g!/

Note that, if instantaneous atomic
coordinates are considered, their nonaffine
displacements may be caused by not only
rearrangements but also heat vibrations of atoms
or their mobility in locally instable glassy
structures. However, the effect of these factors
on D.» may be estimated through calculation of
non affine atomic displacements for the
undeformed samples. Characteristics of nonaffine
displacements in systems C1 and C2 practically
coincide. Therefore, the results averaged over
both systems will be analyzed below.

Fig. 6, a shows normalized D distributions
that were calculated for the region of low
macroscopic strains of PM with an € =0.2 %
change as well as in the absence of macroscopic
deformation during the same time interval as that
taken for the abovementioned 0.2 % strain. As
seen from the figure, in the absence of

Frequency a 7
9

0.0 0.2 0.4 0.6 0.8 D 1.0

min

deformation, the distribution has a maximum at
Duin = 0. 145A and goes to practically zero at
Duin =0.7 A, although some carbon atoms undergo
larger displacements. On average, there are three
atoms in a sample with Dun >1A. Deformation
of a sample to € = 5.2 % leads to a certain
broadening of the distribution toward large
displacements and induces the appearance of
relatively large nonaffine displacements to 2.6-
2.8 E. An increase in the number of groups with
Dumin > 1A is noticeable as well: ~25 groups per
sample at strains from 0 to 0.2 % and ~57 groups
at strains from 5 to 5.2 %.

However, the character of the distribution
is slight even at higher strains (Fig. 6, b). With an
increase in e, the distribution broadens
systematically and the number of groups with
relatively large displacements increases (Fig. 7).
Fig. 6 and 7 show that both the general form of
distribution D _. and the number of groups with
relatively large displacements continuously change
with deformation. No qualitative changes are
observed during the transition from low elastic
deformations to high plastic deformations. The
dependence of the number of relatively large
displacements on deformation is close to linear,
and the rate of their accumulation systematically
drops with an increase in the number of
displacements. It is interesting that the numbers
of atomic displacements, D_. = 1.0 and 1.2 E,
are weakly dependent on &.

Frequency

Fig. 6. Frequency curves of D___distribution in the low strain region:

a — compression, and b — stretching.
(a) heat fluctuations at € = (/) 0, (2) 0=>0.2, and (3) 5.0 => 5.2 %; (b) heat fluctuations in the region of modest and high
strains at € = (/) 13.0 => 13.2, (2) 25.0 => 25.2, and (3) 29.0 => 29.2 %. The step is 0.02 E
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3.4. Changes in the Conformational
Compositions of Chains During Their
Deformation

Fig. 8 plots the frequency curve of the rotation
angle distribution in chains of initial and deformed
(e =30 %) PM samples. Transconformers and
gauche conformers are clearly pronounced in the
initial system, at angles of ~120° and 240°,
intermediate states are practically absent. Uniaxial-
compression deformation to € = 30 % entails only
slight broadening of conformational peaks (Fig. 8,
curve 2). The average conformational composition
of PM chains in series C1 is practically the same;
only the fraction of trans conformers insignificantly
decreases from 61.4 to 60.9 %, mainly in the range
of strains € = 7-20 %. For series C2, the fraction
of transconformers decreases from 60.4 to 59.9 %.
A decrease in the strain rate by an order of

Fraction of particules, %
8 —
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magnitude has no effect on the ratio of trans and
gauche conformers in a sample. This result shows
that the conformational composition of glassy PM
chains remains almost undisturbed by plastic
deformation, although at £ =30 %, the macroscopic
plastic yield is well-developed. The residual strain
of such a polymer after its complete unloading
attains € . ~ 15 %. A similar behavior of glassy
polymers (PP and PC) was observed in [17; 31].

All these data conflict with the mechanism
of low temperature plasticity of polymer glass
caused by changes in the conformational
composition of the chains (the model of forced
rubber-like elasticity [22]). It is quite probable that,
for glassy polymers, the deformation mechanism
changes at T  values close to the T’ o values and is
controlled by conformational rearrangements in
chains. Atrelatively high T, values, conformational

1
20 30 & %

Fig. 7. Fractions of carbon atoms with Dmin values exceeding (1) 0.6, (2) 0.8, (3) 1.0, and (4) 1.2 E versus strain.
Continuous curves refer to the mean-squared approximation

Frequency
0.03

0.02|

0.01|

o.oo-J\ n

0 1

20 240
Angle, deg

360

Fig. 8. Frequency curves of rotation angle distributions for the initial configuration
and the configuration deformed by 30 %. The step is 1°
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rearrangements in glassy polymers become possible
[2; 6; 34]. In any case, the Robertson conformational
plasticity model [41] agrees well with experimental
results at 7,  values close to the T’ o values [6; 19].
Nevertheless, the literature data on the computer-
aided simulation of plasticity of glassy polymers
[17; 26; 33], as well as the results of the present
paper, indicate that the observed small changes in
the conformational composition of chains at a
marked level of plastic deformation of such systems
are hardly responsible for their plasticity.

3.5. Nonaffine Displacements and
Conformational Rearrangements

Transgauche transitions should cause
noticeable nonaffine displacements of atoms
involved in conformational rearrangements. This
important issue for gaining insight into the
mechanism of plastic deformation of polymers
requires quantitative estimates. To solve this
problem, the fraction of units that were
simultaneously involved in conformational
rearrangements was calculated for all polymer
units with non affine displacements exceeding a
certain level of D . - for a 0.2 % strain
increment (Fig. 9).

There are three strain regions: low strains
(0% < & <5 %), the region near the yield peak
(7% < & <13 %), and the region of well-
developed plastic yield (25 % < € < 30 %). The

fraction of units participating in transgauche
transitions increases with an increase in D, - ¢
However, among all atoms with relatively high
values of Dmin, the fraction of atoms directly
involved in conformational transitions (even for
the largest displacements, with Dy, >2.5 E) is
small: ~8 % in the elasticity region and ~25 % in
the region of developed plastic flow.

Such a low contribution of groups of atoms
participating in conformational rearrangements
may be explained by the fact that the
conformational transition entails a local
rearrangement affecting a relatively large number
of neighboring atoms. To verify this statement,
displacements in chain fragments consisting of at
least 10 units and having Duin > D, ;¢ Were
considered. The table lists the percentages of
those fragments in which at least one unit is
involved in conformational rearrangement at
various levels of deformation. It is seen that, even
in the region of developed plastic yield, ~2/3 of
the most mobile fragments (Dmin > 2.5 E) are not
involved in transgauche rearrangements.

Fig. 10 presents the spatial distribution of
units in PM chains with nonaffine displacements
Drin > 0.6 E in one of the samples at the onset
of deformation in the region of yield tooth and
during plastic flow. (The projections are chosen
so that, in each case, the spatial distribution of

Fraction of conformational rearrangements
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Fig. 9. The fraction of carbon atoms involved in conformational transitions among all PM atoms
for which Dwin>D__ .. The fractions are presented for three strain regions &:
(1) the elasticity region, 0 % < € < 5 %; (2) close to the yield drop, 7 % < & < 13 %j;
and (3) during developed plastic yield, 25 % < & < 30 %
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units is seen better.) An increase in the number
of units with these displacements and their
noticeable clustering with an increase in strain e
are well seen, as confirmed by analysis of such
distributions for different samples.

The above picture allows some important
conclusions to be made about the character of
the low-temperature plastic deformation of glassy
PM in the uniaxial-compression regime. It is seen
that nonaffine (plastic) displacements arise very
carly at a level of € ~1 % (or even earlier), that
is, when only linear Hookean deformations are
assumed to occur in glass and plastic
rearrangements are still absent. This result
demonstrates that deformation in disordered solids
cannot be considered purely elastic and uniform
from the very early stages of loading. Such
behavior of glass was described in [6].

The number of sites at which nonaffine
atomic displacements occur is small at low €
(Table 2). Obviously, they appear independently
at different sites of a sample. However, with an

TEXHUKO-TEXHOJOI'HMYECKHUE MHHOBAIIUN

increase in g, the number of non affine atomic
displacements grows and a certain spatial
clustering of plastic events in the glass occurs.
The latter circumstance may imply that, as the
concentration of shear transformations increases
with an increase in g, they do not behave
independently and new shear transformations are
easier nucleated in those regions of the glass
where plastic deformations have already
happened [24]. In Fig. 10, atomic displacements
related to local changes of conformations in
chains are shown as well (marked with black).
The fraction of conformational rearrangements
in the system remains insignificant. This fact
means that the conformational rearrangements
in chains during plastic deformations of glassy
polymers are governed by only one of the local
mechanisms that are responsible for atomic
displacements related to low-temperature
deformation.

In order to clear up whether there is a
correlation between large atomic displacements,

Fig. 10. Distribution of nonaffine displacements Duin > 0.6 E of chain units in one of the samples at strains
(@)1 % <e<1.2 %, (b)10 % <e<10.2 %, and (¢) 20 % <&<20.2 %. Units in which conformational
rearrangements occurred are indicated with black
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the corresponding correlation functions along

chains, CF, _(AN), were calculated:
CF,. (AN) =
1 Ny—AN . . B
N, —AN ; (Dmin,i —<Dmin,i>)(Dmin,i+AN _<Dmin.i+AN >)

No —
NL Z(Dmin,i - <Dmin.i >)2

ch i=1

where 7 is the number of particles along the chain, N,
is the chain length, Duwin; is the value of D i for the ith

particle, and <Bmin,i> is the system-averaged
displacement of the ith particle from the chain end.

In addition, intermolecular correlations CF,  (R)
were calculated:

CF,..(R)=
] N

NN ,__ n _ B
N = No ; (Dmin.i _<Dmi" >)(Dmi"’iﬂ" _<Dmin >)
N — .

iN lz:l: ( Dhin,i —<Dmin >)2

Here, R is the distance from a particle to the center of
spherical layer Ar around it, where the layer width is
1 E; Nis the number of particles in the system; N, is
the number of particles for which other particles are
absent within layer Ar; Dmin; is the value of D min for
the ith particle; is the system-averaged D value;
and Dumin,ia- 18 the value of D min averaged over particles
in layer Ar with respect to the ith particle.

In the calculation of CF; ., the 20 nearest
neighbors of the ith particle along the chain were
not taken into account.

Correlation functions are presented in
Fig. 11. The correlations function along the chain
decays exponentially (the continuous curve in

Fig. 9, a) with an e fold drop approximately at the

eighth unit at low strains and at the tenth unit in
the plastic-deformation region. This circumstance
implies that displacements affect chain segments
consisting of 16-20 monomers at most and that
the sizes of these segments are weakly affected
by the value of strain. Because fragments of
transconformers consisting of 16-20 units and,
hence, having lengths of 26-30 E are very seldom,
the intramolecular correlation of nonaffine
displacements covers the spatial region of ~20 E
at most.

The correlation function for interchain
displacements has a somewhat more complex
view, a circumstance that is probably related to
the correlated motion of fragments of neighboring
chains. If, in this case, the distance at which the
correlation drops by a factor of e is taken also as
a characteristic distance, this value will be 6.0 E
at 0-0.2 % and 8.6 E at 29-29.2 % strain. These
data correspond to sizes of 12-19 E; that is the
magnitudes of intra and intermolecular correlations
are comparable. An analysis of displacements of
individual chain fragments did not reveal any
dominant mechanism of displacements.

Thus, the displacements of short (4-6 units)
chain fragments are absent. Plastic displacements
are always produced via correlated motions of
chain sections consisting of at least ten units. This
fact indicates the absence of plastic mass-
transfer mechanisms in chains via systematically
repeating rearrangements of short chain
segments, e.g. short conformational sequences,
strophons (“rotons”), dislocations, or disclinations
[34]. These statements agree well with findings
from [20; 21; 44].

In[1; 5; 20; 26], atomic-level deformations
in PP and PC chains were analyzed. It was found
that during the low-temperature deformations of

Table 2

Percentages of relatively long chain fragments (at least ten —CH_— units)
in which the trans-to-gauche transition was observed

b © 0-5 % 7-13 % 25-30 %
| 06E I 7.5 % | 15.1 % I 21.6 % |
[ 08E I 7.0 % I 192 % I 27.6 % |
[ 1E I 72 % I 24.7 % I 32.6 % |
[ 12E I - I 25.9 % I 35.8 % |
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the indicated types of polymer glass, even longer
chain fragments are involved in plastic yield. These
results were obtained via the methods of potential-
energy minimization at 0 K. In our opinion, the
plastic deformation of glassy PM involves shorter
chain fragments than those in the above papers
because, in our case, the value of T . is higher.

Conclusions

Simulation of the low-temperature
deformation of the all-atom PM model has been
performed for the first time. With the use of the
polymerization method within the framework of
molecular dynamics simulation, samples of the
low-temperature amorphous PM with various
molecular-mass distributions are prepared.
Numerical experiments on the uniaxial low-
temperature compression made it possible to
perform a thorough analysis of local atomic
displacements of CH,— groups of chains during
deformation.

In the low-strain region at €., <5 %, local
structural rearrangements containing up to 16-20
—CH,— units arise in polymer chains. Thus, in a
glassy sample, a uniform lattice expansion in the
region of low strains (which are usually considered
to be Hookean strains) is accompanied by the
same local displacements of chain fragments as
those observed in the region of delayed elasticity
and plasticity.

The analysis of nonaffine displacements of
polymer units at yield tooth (g .= 10-13 %) and
in the region of stationary plastic flow (g, >

Intermolecular correlation
10

0.1}

0.01¢

1E-3 ¢

0 10 20 30 40 50
AN, monomers
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15 %) showed that, similarly to the united-atom
model of PM [8; 10], no substantial changes in
the deformational behavior of chains occur
relative to that in the low strain region. However,
the total number of units with relatively large
nonaffine displacements increases at high strains
and their amplitude grows as well.

With an increase in deformation, the number
of conformational rearrangements increases.
However, the conformational composition of chains
changes insignificantly, only by 0.6 %, mainly in
the strain range from 5 to 20 %. During
deformation, a noticeable intramolecular correlation
of displacements of particles is observed.
Moreover, in most cases, the rearrangements are
localized and segments with an average length of
no more than 16-20 units are affected. They are
comparable in the all-atomic model, unlike those in
the united-atom model, where the intermolecular
correlation was appreciably lower than the
intramolecular correlation.

While nonaffine displacements of long parts
of the chain in the united-atom model are mainly
related to the “sliding” of chains with respect to
each other [8], practically no sliding is observed
in the full-atomic model. This is one main
difference between the more detailed model and
the united-atom model of PM.

Our calculations showed that, although
transgauche transitions contribute to structural
rearrangements during the deformation of PM,
they play an indecisive role even in the region of
developed plastic yield at 30 % compression
deformation, where the corresponding atomic

Intramolecular correlation b

1.0}

0.0

30
Radius, E

Fig. 11. The correlation function of nonaffine displacements along the chain in semilogarithmic coordinates,
where dashed lines represent («) the mean-squared approximation of the exponential function and () their
intermolecular correlation for e= (/) 0-0.2 % and (2) 29.0-29.2 %
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displacements are responsible for ~30 % of the
total number of atomic displacements in chains
arising during plastic deformation.
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HUEM Lienel. AHaITN3 MoKa3all, YT0 YK CIIO EPECcTPOCK Menel npu aedpopManiui Malla i Takue
MEpECTaHOBKH HE UTPAIOT PEIIAIOIIYIO POJIb B pACCMAaTPUBAEMOM JHAIa30He TUIaCTHYHOCTH
CTEKJI000pa3HOro MOJIMMETHIICHA, 1aXe B ciiydae aepopManuu € > 15 %, Ha cTajauu pa3Bu-
TOTO TUIACTHYECKOTO TEUCHUSI.
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