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ABSTRACT: The deformation energetics of static polyethylene chain defects were determined by means
of molecular mechanics and energy minimization. The eight defects considered in our study were dispira-
tion and dislocation (both interstitial- and vacancy-like), disclination, chain twist boundary (90° and 180°),
and partial dislocation boundary. For these defects, energy minimized structures were calculated under
action of tensile forces. It was found that one group of defects had moduli and deformation energetics
identical with those of an all-trans chain, whereas the other group of defects had substantially lower mod- -
uli and a different deformation behavior. From the analysis of the distribution of deformation energy over
the several degrees of freedom and by comparison to an all-trans chain, it could be concluded that defects
inside a crystalline matrix are not weak links in polyethylene fibers. Weak links were concluded to be
chains having higher moduli than the surrounding matrix (for example, taut tie moleculés and especially

entanglements in amorphous domains).

Introduction

The maximum tensile strengths of polymeric fibers
obtained in practice are far below the corresponding the-
oretical strengths. For example, polyethylene fibers may
be prepared having a tensile strength of more than 6
GPa,!1-3 whereas its theoretical strength can be esti-
mated to be 33 GPa.4"7 These results indicate the exist-
ence of features in polymeric fibers that severely limit
the ultimate tensile properties and may arise from the
complex interrelations between numerous factors: molec-
ular weight of polymers, morphology of fibers, tempera-
ture, deformation rate, structure and properties of amor-

"phous and crystalline domains, imperfect orientation, tie

molecules, entanglements, tight knots, folds, flaws, voids,
stress concentrations, residual stresses, crystal defects,
etc. All these factors may have great influence on the
failure mechanisms of fibers and have been evaluated
extensively in an excellent review by Kausch.®

In this study, the deformation energetics of chain defects
of polyethylene will be examined and compared to those
of an all-trans chain. By doing this, insight is gained on
how different chain conformations deform under tensile
stress and how elastic energy is distributed over the degrees
of freedom. Knowledge of these properties can be used
to identify possible weak links in polymeric fibers.

Since the introduction of the Reneker defect,® several
types of crystallographic defects have been reported:
dispiration®1! and dislocation!213 (both insterstitial- and
vacancy-like), disclination,!? chain twist boundary (90°
and 180°),!2 and partial dislocation boundary.1® A sum-
mary of the properties of these defects is given by Reneker
and Mazur.® In general, these defects may be involved
in diffusion, translation, and rotation of molecules inside
crystals, and they thus determine to a certain extent the
physical properties of polymeric materials. Some stud-
ies have been reported on the tensile deformation of irreg-
ular chain conformations. McCullough et al.1415 have stud-
ied the energy deformation characteristics of primary units
of tie molecules. Reneker and Mazur!® have calculated
static moduli of defects only for compressive forces as
tensile forces gave numerically unstable calculations.
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Figure 1. Force-strain curve of a high-modulus (I) and a low-
modulus (IT) chain. A: area proportional to the extra energy
stored in IT when both chains are stretched by force F. B: area
proportional to the extra energy stored in I when both chains
are drawn to strain e.

The following considerations will illustrate the objec-
tive of our calculation. Suppose that two equally long
chains have different elastic moduli. The force-strain
curves of these chains are presented in Figure 1. Chain
I has a higher modulus than chain II. If both chains are
strained by the same tensile force, the low-modulus chain
II will have stored more elastic energy in its chain than
chain I. This extra energy in chain II relative to chain I
at force F is proportional to area A in Figure 1. If both
chains are drawn to the same strain ¢, the high-modulus
chain I has stored the largest amount of elastic energy,
and this extra energy relative to chain II is proportional
to area B in Figure 1. So at the same force or strain
level, chains having different elastic moduli may have
absorbed very different amounts of potential energy. These
energies may be stored in bonds, bond angles, etc.

The purpose of this study is to investigate the influ-
ence of the structure of a polymer chain on the deforma-
tion behavior. By analyzing the distribution of deforma-
tion energy of various different chain structures over the
degrees of freedom, one might identify structures that
concentrate more energy into bonds than others.

Computational Details

Molecular mechanics calculations were carried out with
the Groningen Molecular Simulation (Gromos) computer
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2936 van der Werff et al.

Wt

w
S

energy (kd.mot™h

N
£=3

-60 0 60 120 180
—— dihedral angle ({deg)

Figure 2. Ryckaert-Bellemans dihedral angle potential func-
tion using the parameters mentioned in the text.

program package, written by van Gunsteren and
Berendsen.!” This versatile package has been devel-
oped for the dynamic modeling of (bio)molecules and con-
tains programs on molecular dynamics, stochastic dynam-
ics, energy minimization, and analysis of molecular con-
formations.

In our calculations we considered single chains consist-
ing of 19 backbone (carbon) atoms. Hydrogen atoms and
therefore all related interactions were omitted.

The covalent bond stretching potential used was

1 N-1
v, = EZkb(bi ~ by)? (1)
i=1

where N is the number of atoms. The equilibrium value
of the C-C bond length, be, was taken to be 0.153 nm
with ky, = 2.65 X 105 kJ-mol-l-nm=21%8 The bond angle
bending potential was also taken as a harmonic function

1 N-2
V= EZke(ei -9, 2)
i=1

where ko = 520 kJ-mol-1.rad-2 was derived from a poten-
tial used by Weber.19.20 The equilibrium value of C-C-C
bond angle was taken to be 111.0°. Because intramolec-
ular nonbonded interactions were not taken into account
explicitly, it was convenient to use the Ryckaert-Belle-
mans potential function?!22 for dihedral angles:

N-3 5
Vo= 2_(O_C,lcos &)") 3)

i=1 n=0
with Co = 9.2789, C; = 12.1557, C, = -13.1201, C3 =
-3.0597, C4 = 26.2403, and Cs = -13.4950. The values
of these parameters correspond to a trans—gauche energy
barrier of 12.3 kJ-mol-! and to an energy of the gauche
minimum of 2.9 kJ-mol-!. The dihedral angle potential
function is displayed in Figure 2.

Due to the fact that we only considered single chains
in our calculations, it was necessary to constrain the chain
structure, because otherwise every chain conformation
would transform back into an ordinary all-trans chain
during energy minimization. In order to prevent this,
each defect conformation of a single chain was pre-
served during tensile deformation by applying a dihe-
dral angle restraining potential:23

N-3
Vo = Z(k;ﬁ" {1+ cos (®,-6)}) 4)
=1

By choosing a specific set of phase shifts §; for a given
chain conformation and an appropriate value of the dihe-
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Table 1
Sequences of Carbon Atoms Used in This Study from the
Structures of Chain Defects Reported by Reneker and

Mazur!?

defect name no. sequence
interstitial-like dislocation 1 Cao—Cyo
interstitial-like dispiration 2 Co0—Cas
disclination 3 C1—Csp
partial dislocation boundary 4 Ca3—Cax
vacancy-like dislocation 5 Cao—Cyo
vacancy-like dispiration 6 Ces—Ca
chain twist boundary (90°) 7 Coo—Cyo
chain twist boundary (180°) 8 C19-Ca7

dral angle restraining force constant kg™*#t*, one can pre-
serve with this restraining potential the specific confor-
mation of a chain during energy minimization and thus
examine differences in deformation energetics caused by
differences in chain conformations.

In this way, one can determine directly the influence
of a certain conformation on the deformation behavior.
In reality, a specific conformation is constrained by its
surroundings, and deformation probably is accompanied
by conformational changes that depend strongly upon
the nature of the neighboring chains and the potential
exerted by them. Of course, these phenomena are not
modeled by the dihedral angle restraining potential. Appli-
cation of this potential, which fixes a given conforma-
tion, only enables one to examine tensile properties of a
static chain conformation for relatively small deforma-
tions. The potential only mimics the effect of a neigh-
boring chain with respect to the fact that it provides the
potential energy well that has that specific chain confor-
mation at its energy minimum. The examination of pos-
sible large conformational rearrangements during defor-
mation is therefore beyond the scope of the present inves-
tigation.

The restraining force constant ks™t* was taken to be
500 kJ-mol-!, which proved to be just large enough to
prevent transitions of the dihedral angles during defor-
mation. In using significantly higher values of kgrestr,
we found that the energy minimization algorithms gave
unstable results. The stretching of a chain was accom-
plished by applying equal but oppositely directed ten-
sile forces on the first and last atoms of the chain. The
tensile forces were directed along the line connecting the
first and last atoms and were kept constant during a sin-
gle stretching event.

Energy minimization was carried out by the subse-
quent application of two methods: steepest descents and
conjugate gradients.2¢ Both are gradient methods, requir-
ing function and derivative values. The steepest descents
method?® performs well far from a minimum but con-
verges slowly near a minimum or when searching in a
long, thin, curving valley. The conjugate gradients
method?® searches along directions corresponding to the
local quadratic approximation of the function and usu-
ally converges superlinearly.

The initial structures of the various chain defects were
taken from results of Reneker and Mazur.!® They have
published coordinates of chain defects of about 60 car-
bons long. Out of these chains, we picked a sequence of
19 carbon atoms encompassing the entire defect region.
The sequences are listed for every chain defect in Table
I. For sake of brevity, each defect is given a number in
Table I, and this numbering will be used throughout the
rest of the text.

The deformation process was executed as follows. At
first, sets of phase shifts §; to be used in the dihedral
angle restraining potential were calculated from the orig-
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Table 11
Length Ly, Bond Energy V,, Bond Angle Energy Vi,
Dihedral Angle Energy V,, and Dihedral Angle Restraining
Energy Vyre*tr of the Initial Structures of the Various
Chain Defects (See Table I) and an All-Trans Chain

defect Vb, Ve, Vq;, V‘,rutr,
no. Lo,nm  kJ-mol! kJ-mol-! kdmol! kJ-mol?
1 2.034 0.0 0.3 65.4 3.6
2 2.135 0.1 0.1 36.6 2.1
3 2.154 0.0 0.2 40.5 2.6
4 2.181 0.0 0.0 11.0 0.6
5 2.270 0.0 0.0 0.0 0.1
6 2.268 0.0 0.0 23.0 2.7
7 2.268 0.0 0.0 14.9 14
8 2.263 0.0 0.0 35.7 2.6
all-trans  2.270 0.0 0.0 0.0 0.0

inal conformation as reported in ref 13. The chains were
energy minimized to give starting conformations by apply-
ing all the potentials except the tensile forces. The force—
strain curves were calculated by applying a set of tensile
forces that increased by small increments and energy min-
imizing the strained chain structure after each incre-
ment. The increment of the tensile force was taken to
be 8.3 X 10711 N, and the tensile force was incremented
20 times up to 1.66 X 1072 N. All calculations were per-
formed in single precision on a VAX 11/750 machine.

We also performed similar calculations on deforma-
tion of the same chain defects, taking into account hydro-
gen atoms and all related bond and bond angle interac-
tions, as well as explicit nonbonded interactions and neigh-
boring chains. However, we found that under stress these
systems could not be brought into a stable energy mini-
mum. These calculations produced slightly curved poten-
tial energy surfaces in which the total energy decreased
negligibly and several degrees of freedom changed dras-
tically.

Similar problems were also encountered by Reneker
and Mazur.1® As our primary interest was in the defor-
mation energetics with respect to bonds and bond angles,
we chose the simpler model described above.

Results

Table II lists the length and various energies of the
energy-minimized chain defects to be used as starting
structures for the tensile deformation calculations. The
defects 1-4 are ca. 4-10% shorter than an all-trans chain,
whereas the defects 5-8 are nearly equally long. The
energy stored in the dihedral angles for most defects is
considerable, and the dihedral angle restraining energy
is quite low. All defects have virtually no bond and bond
angle energy. This means that the initial structures are
laxed with respect to bond and bond angles and thus
allow the differences in deformation energetics, caused
by differences in chain conformation, to be examined.

The results of the tensile deformation calculation will
be presented in the following by the comparison of the
deformation behavior of two chain structures that gave
the most different results. Conclusions from this com-
parison proved to be general for all the chain structures
considered in our study. The force-strain curves for an
all-trans chain and a dislocation interstitial-like (defect
1) are given in Figure 3.

Because the initial lengths of these two chain struc-
tures differ less than 10%, no serious error is introduced
by using strain instead of displacement on the x axis,
especially when the differences in deformation behavior
are as large as in Figure 3. The force—strain curves in
Figure 3 are reasonably linear. If one assumes the cross
section per chain in a polyethylene unit cell to be 18.3
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Figure 3. Calculated force-strain curves for an all-trans chain

(I) and an interstitial-like dislocation (II).

60 1

energy  (kJ.mol™)
IS
<

20F

50 100
—= strin (%)
Figure 4. Bond energy V, (O) anc bond angle energy Vo (@)
versus strain for an all-trans chain (I) and an interstitial-like
dislocation (II).

A2, the elastic modulus of the all-trans chain from Fig-
ure 3 would be 177 GPa.

There is considerable ambiguity about the ultimate value
of the Young’s modulus of polyethylene. Theoretical val-
ues from molecular mechanics calculations have been
reported ranging from 186 GPa?" to 267 GPa’ to 380 GPa.l5
Experimental estimates have been reported by means of
X-ray diffraction (240 GPa28), neutron scattering (329
GPa??), Raman scattering (358 GPa°), and stress—strain
measurements (288 GPa3!). In arecent evaluation of these
results by Fanconi and Rabolt,32 it was concluded that
data from neutron and Raman scattering give the better
estimates of the ultimate values of the Young’s modu-
lus.

It must be concluded, therefore, that the potentials and
force constants in this study yield too low absolute val-
ues for the elastic modulus. This, however, does not give
rise to serious problems, because we are mainly inter-
ested in the differences in deformation energetics of var-
ious chain conformations and not in the independent,
absolute values of properties of each conformation.

The modulus of defect 1, 98 GPa (Figure 3), is much
lower than that of the all-trans chain and has absorbed
more energy during deformation. In Figure 4 bond energy
Vi, and bond angle energy Vo are plotted versus tensile
strain for the same chains as in Figure 3. Both struc-
tures have been strained up to a tensile force of 1.66 X
10® N. The deformation of an all-trans chain causes a
synchronous rise in bond and bond angle energies, although
the latter rises more steeply. Qualitatively, the same holds
for the low-modulus defect 1, but the bond angle energy
rises more steeply with respect to the bond energy dur-
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ing deformation than in case of the all-trans chain. At a
given strain, both the bond and bond angle energies of
the low-modulus defect 1 are much lower than the cor-
responding energies of an all-trans chain. At the maxi-
mum tensile force, the ratio Vy/ Ve is 0.75 for the all-
trans chain and 0.39 for defect 1. Thus the low-modulus
chain defect stores relatively less energy in bonds dur-
ing deformation, but Figure 4 also shows that the abso-
lute amount of energy stored in bonds is nearly the same
as in case of the all-trans chain and that the absolute
amount of bond angle energy is consequently higher.

From the results presented in Figure 4, it can be con-
cluded that low-modulus chain defects placed in an all-
trans matrix, for example a defect inside a crystalline
domain, are under no conditions weak links in polyeth-
ylene fibers. When the matrix and the defect inside it
are strained to a certain amount, the matrix chains will
have stored much more energy in bonds than the chain
defect.

In contrast to this, all-trans chains inside a defect matrix,
for example taut tie molecules inside an amorphous domain
or tie molecules in a defect boundary between crystal-
line domains, certainly are likely points for chain break-
ing, for they are subjected to high strains, due to the low
modulus of the matrix, and have much more energy stored
in bonds at a given strain. These results indicate that
the morphology of a fiber causes certain chains to be weak
links. This is in good agreement with fiber models as
proposed by Peterlin,3® which may already explain the
general macroscopic mechanical properties of polymeric
fibers.34

It should be noted that in our calculations, defects are
assumed to be static structures. Diffusion and transla-
tion of a defect!® under tensile stress could not be taken
into account, although these phenomena might cause, for
example, easy pull out of chain defects from crystalline
domains and thus might have considerable conse-
quences on the tensile properties of fibers.

The bond and bond angle energies of the two chains
are plotted versus the tensile force in Figure 5. Figure 5
shows that at a given tensile force the bond angle energy
Vo stored in the low-modulus defect is much higher than
for an all-trans chain and that bond energies at a given
tensile force are nearly equal for both chain structures,
although the bond energy in an all-trans chain is system-
atically slightly higher. These results indicate that, if
one considers low-modulus chain defects connected in
series with all-trans chains, chain defects are not weak
links. Although these defects are subject to larger strains
at a given tensile force and have taken up more elastic
energy during deformation than all-trans chains, the dis-
tribution of the deformation energy is such that, in abso-
lute values, this is stored in bond angles and as equal
energy in bonds.
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Figure 5. Bond energy V, (O) and bond angle energy Vo (@)
versus tensile force for an all-trans chain (I) and an interstitial-
like dislocation (II).

The results on all chain defects and an all-trans chain
are summarized in Table III. In general, two types of
chain defects could be distinguished: chain defects with
a modulus substantially lower (25-40%) than that of an
all-trans chain (defects 1-4), and chain defects with a
modulus nearly equal (within 2%) to that of an all-trans
chain (defects 5-8). The differences in deformation ener-
getics of the two groups are qualitatively similar to dif-
ferences outlined in Figures 3-5. Table III shows that
changes in Vg and Vgrestr during deformation are gener-
ally very small as compared to changes in V; and V.

In Figures 6 and 7, stereodrawings are presented of
chain structures at rest, with no tensile force acting, and
structures at maximum tensile force. In Figure 6 struc-
tures are shown of an interstitial-like dislocation (defect
1), i.e., a low-modulus defect, and Figure 7 shows struc-
tures of a chain twist boundary (180°) (defect 8), which
has a deformation energetics similar to that of an all-
trans chain. From Figures 6 and 7 it is clear that the
specific chain structures of the defects have been pre-
served during deformation by applying the dihedral angle
restraining potential and that the conformation of the
chains with respect to dihedral angles is very different,
leading to differences in deformation energetics, as has
been shown in the preceding sections.

Discussion

Chains carrying the load within amorphous domains
and interconnecting crystalline domains are systemati-
cal weak links because they are subjected to relatively
high strains due to the much lower modulus of their sur-
rounding matrix and the concentration of stress on these
chains.

It has been argued that entanglements play a major
role in the interconnection of crystalline blocks through

Table I11
Total Energy Change A Vio, and Changes in Bond Energy V,, Bond Angle Energy Vo, Dihedral Angle Energy Vi, Dihedral
Angle Restraining Energy V,r*tr and Tensile Strain ¢ at the Maximum Tensile Force of 1.66 X 10-® N, and Modulus E of the
Various Chain Defects (See Table I) and an All-Trans Chain

defect no. AViotal, kd-mol-! AV, kd'mol-! AV, kJ-mol-? AV, kd-mol-! AVgrestt kJ.mol-! ¢, % E, X102 N
1 86.6 21.8 55.8 6.1 3.0 9.55 1.79
2 73.4 23.3 47.2 1.4 14 9.18 2.23
3 70.4 23.2 42,4 5.1 -0.2 7.54 2.29
4 72.1 24.2 45.6 1.7 0.7 7.05 2.44
5 56.4 24.2 32.2 0.0 0.0 5.20 3.18
6 57.6 24.6 33.0 -0.8 0.9 5.24 3.23
7 57.8 24.7 33.1 -0.5 0.6 5.24 3.18
8 58.1 24.5 33.3 -1.0 1.3 5.28 3.18
all-trans 57.4 24.7 32.7 0.0 0.0 5.25 3.24
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Figure 6. Superimposed stereodrawings of an interstitial-like
dislocation at rest (solid lines) and at a tensile force of 1.66 X
10-® N (broken lines).

_amorphous regions. Flory and Yoon concluded that neigh-

boring crystal lamellae grown from the melt are pro-
fusely interconnected not only by tie chains from one
lamella entering another but also by entanglements involv-
ing chains reentering the same lamellae after passing
through the amorphous region.35

They noted that entanglements cannot disappear dur-
ing crystallization and are concentrated in the amor-
phous regions for they are preferentially excluded from
the crystalline lamellae. Lacher et al.?® have accumu-
lated evidence, by means of computer simulations, that
seems to indicate that indeed entanglements are a major
contribution to the interconnection of crystalline lamel-
lae.

In the gel-spinning process of polyethylene,?37 dilute
polymer-solvent gels are spun to give fibers that, after
extraction of the solvent, consist of lamellae intercon-
nected by entanglements and that are hot-drawable to a
certain maximum draw ratio Apmax. For more dilute gels,
the molecular weight between entanglements is increased
(i.e., a reduction of the number of entanglements per vol-
ume after extraction of the fiber). Consequently, higher
maximum draw ratios can be achieved. At Anay, the ten-
sile strength depends drastically upon the number of entan-
glements per unit volume. For example, a gel-spun and
hot-drawn fiber from a 5 wt % polyethylene/paraffin oil
gel has a tensile strength at Ayay of 4 GPa,3 whereas an
identical fiber from a 1.5 wt % gel has a tensile strength
of 7.2 GPa at Apmax.’® Hot-drawn fibers from melt-spun
polyethylene, i.e., fibers with a low molecular weight
between entanglements, have much lower tensile strengths.

Arguments in favor of the assumption that entangle-
ments as well as taut tie molecules are responsible for
the stress transfer in gel-spun and consecutively hot-
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Figure 7. Superimposed stereodrawings of a chain twist bound-
ary (180°) at rest (solid lines) and at a tensile force of 1.66 X
109 N (broken lines).

drawn polyethylene fibers have been reported,® deduced
from resuits of annealing,® crazing,! electron beam
irradiation,*? and fracture experiments.#3 From the results
of this study and the preceding arguments, it can be con-
cluded that load-carrying entanglements inside amor-
phous domains are likely points for chain breaking in
polymeric fibers, due to the fact that they are embedded
in a low-modulus region that does not contribute to the
interconnection of neighboring crystalline domains.

Particularly, entanglements will have a high modulus,
because tensile deformation will bring two chains in very
close contact, causing a dramatic rise of the repulsive forces
and chain scission at an earlier strain. Chain-end radi-
cals thus formed may initiate a mechanochemical chain
reaction after Zakrevskii and Zhurkov* and lead to sub-
microcracks.

It needs to be stressed that creep may also play an
important role in the failure process of gel-spun polyeth-
ylene fibers. It has been shown that under certain con-
ditions the tensile strength of polyethylene fibers is deter-
mined by a stress-induced orthorhombic-hexagonal phase
transition.4? In the hexagonal phase chains can easily
slip past one another, thus causing creep failure of the
fiber. This phase transition obviously depends on the
strength of the lateral interactions between the polymer
chains. Thus fibers from rigid-rod polymers such as poly(p-
phenyleneterephthalamide), which do have strong lat-
eral interactions in the crystal lattice due to hydrogen
bonding, may already exhibit tensile strengths of 3.4 GPa
at a molecular weight of 2 X 10445 In the case of poly-
ethylene, molecular weights of at least 2 orders of mag-
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nitude higher are required to reach comparable tensile
strengths.

Conclusions

The deformation energetics of various static chain defects
were determined. Two types of chain defects could be
distinguished: low-modulus defects and defects closely
resembling all-trans chains. From a study of the distri-
bution of the elastic energy during deformation over bonds
and bond angles, it was concluded that chain defects
embedded in an all-trans chain matrix or connected to
all-trans chains are not weak links and that high-modu-
lus chains inside a low-modulus chain matrix certainly
are likely to break first.

From this it can be concluded that chain defects inside
crystalline domains or along a given chain molecule are
not the chains in polymeric fibers that break first. The
“weak links” are a larger scale aspect of the morphology.
Taut tie molecules and especially entanglements, wher-
ever they are, will be the first to break during the defor-
mation process, leading to the macroscopic brittle fail-
ure of the fiber, whereas disentangling of the network
via the hexagonal phase leads to ductile fracture.
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