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ABSTRACT: We present the first theoretical estimates for thermoelastic properties of the noncrystalline domain
(the “interlamellar phase”) of semicrystalline polyethylene obtained by Monte Carlo simulations. The interlamellar
phase is prescribed to be thermodynamically metastable, with the constraints that it have an average density less
than that of the crystal and that it be bounded by two static crystalline lamellae oriented w{tbOtecrystal

plane parallel to the interface. Polyethylene was modeled using a realistic united atom force field with inclusion
of torsional contributions, and the results are compared to those of prior studies that used a freely rotating chain
model. Parallel tempering between 350 and 450 K was used to simulate several isochoric/isothermal ensembles
simultaneously and efficiently, from which the heat capacity, thermal expansion coefficieigjsercoefficients,

and the elastic stiffness tensor were determined at atmospheric pressure. The noncrystalline interlamellar phase
exhibits properties intermediate between that of the semicrystalline solid and the amorphous melt.

Introduction domain are considered to exhibit both unconstrained and

In semicrvstalline polvmers. one of the unique features of constrained amorphous character, with the amount of the latter
Y poly A 4 - being treated generally as an adjustable paraniét€rist et
morphology is the noncrystalline, interlamellar material. Over

- . ) l. repor hat the elastic properti f the interlamellar ph
the years, the nature of this material has been the subject ofa eported that the elastic properties of the interlamellar phase

much debate, in no small part due to inferences that were drawnVaries with crystallinity, which they attributed to the role of
, . X . ; o
about the structure of this material based on the prevailing lamellar thickness in suppressing the crystaltigeelaxation-

theories of bolvmer crvstallization. The structure of the non- To test such models and to eliminate ambiguity, it is desirable
) polym Y : . to have independent confirmation of the properties of the
crystalline material, however, has generally eluded direct

. o A . -~ interlamellar, noncrystalline material, by which it would be
experimental characterization because it arises as an 'mermEd'atSossible to place bounds on the resulting properties of the

domain between crystallites in a heterogeneous, SemicrySta”ineheterogeneous semicrystalline, composite-like material
material. Efforts to characterize this domain in the presence of o ) ’
coexisting crystal and amorphous phases is complicated by the T0 address some of these issues, we have previously reported
presence and overlap of signals from several different phases® molecular level simulation that has been shown to capture
and uncertainty in the assignment of a particular response, e.g.the essential features of the interlamellar dont&i#? The
spectral signature, to the interlamellar domain matésal. s_|mulat|on |s_p_r_ed|cated onthe existence of a thermodynamically
Attempts to isolate physically the interlamellar domain or its figorous definition _of n_netasta_blllty that prevents the molecu_lar
interface with the crystal lamellae, for example by selective Model from collapsing into a single homogeneous phase of either
degradation, are subject to reconstruction of the remaining Melt or crystalline order. This is accomplished through the
material as constraints on the interlamellar phase are reldased.introduction of constraints on the simulation that are inconsistent
Last, in crystalline polymers such as polyethylene where crystal With either a single phase melt or crystat® In the current
phase relaxations are present, causal relationships between thénplementation, this is accomplished through imposition of

kinetics of crystal formation and the structure of the interlamellar Crystalline boundaries on a simulation performed at melt-like
material are subject to fading memdry. densities. This simple model has been shown to produce a

realistic picture of the variation in site density and local chain
orientation across the interface between crystalline and amor-
phous zones of the interlamellar domé&l#? and to reveal
éignificant differences in the structure of the interface when the
chains in the crystal are tilted with respect to the lamellar normal,
as in the{ 201} interface!® However, all these prior works were
performed using a freely rotating chain model (FRC) that
resembles polyethylene in its chemical structure and interatomic
packing interactions, but was made artificially more flexible in
order to expedite the molecular simulation. More recently, we
reported the first results of the method applied to a fully realistic
* Corresponding author: rutledge@mit.edu. model of polyethylene (PE), complete with 3-fold torsional
Nh;lr Cégrlrggt address: Sandia National Laboratories, MS 1415, Albuquerque, potential?e There, the focus was on the crystal/amorphous
* Current address: Department of Materials, Institute for Polymers, Swiss Interface. Here, we treat the entire interlamellar phase of PE as
Federal Institute of Technology (ETH), CH-8093r#ih, Switzerland. a representative volume element and compute its thermodynamic

In addition to questions of a physicochemical nature regarding
the structure of the interlamellar material, there is also a need
to characterize better the properties of this material. In two-
phase composite models, it is usually assumed that the propertie
of the interlamellar material are comparable to those of the
unconstrained amorphous melt, or else in the other extreme it
may be assumed that the properties of the interlamellar material
are inextricably combined with those of the crys$talIn three-
phase composite models, the properties of the interlamellar
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properties over a range of temperatures. We also compare thesgy - = [Ar' J(Ar,_, x g ;) + Ar'_(Ar, x Oy — Ar,_, x
with what we observed previously for the freely rotating chain ol ' ' ' ' 3 '

17 —
modet g-) — Ari(Ari_; x go)] ) nkcos ', (6)

n=

Methodology

Force Field. In the current paper, we use the united atom where
model for polyethylene, including the torsion angle terms,
described originally by Paul et #.and modified subsequently I LU L )
by Bolton et alt® and by In 't Veld and Rutledg¥. This force 91 _(r + 1,
field has previously been shown to describe accurately both the
structure and dynamics of the amorphous PE melt, crystallization The total torsion contribution for an amorphous isotropic system
and melting transitions fan-alkanes and PE, and structure and  of jinear chains is normally ze3.However, in our particular
kinetics of lamellar crystallization of PE from the m&it2! case, chains are effectively tethered to an immobile crystal
The stable crystal phase, though similar to that for PE, is actually syrface, which gives rise to nonzero contributions. With the

pseudohexagonal. A Lennard-Jones potential is used to computgddition of the torsion contribution, the total instantaneous stress
the nonbonded Chinteractions between all united atom pairs  tensoro is given by

on different chain segments and those separated by four or more

C03¢i)! 9= %(nl_l + %COS‘Pi) (7

Ii—l i Ii—l i

bonds in the same chain segment 1 Nsites— 1 Nsices
oL\ [owL)® 7T \_/[ ; jllwujj i
EL‘]‘ij - 46"‘] d_ B d_ ’ dij - |Arij|’ Arij =hi~ rJ Ny Ny Ny
ij i
@) Wit > Woit ) Wyi+ Wigeal (8)

where e.; = 390.95 J/mol andr; = 0.4009 nm;r; and r;
represent the Cartesian coordinates of siasdj. Nonbonded which is the summation over all contributions due to Lennard-

interactions are truncated at a cutoff distange= 2.501; and Jones interactions, bond lengths, bond angles, and bond torsions.
corrected for long-range contributions. The bond stretching Relations for the remaining terms in eq 8 are provided in ref
potential is harmonic in bond length 17.
1 Simulation Method. The simulation box consisted of an
E;= > k(l; — |0)2 ) immobile crystal phase and a mobile interlamellar phabe

combination of both interfacial material and truly amorphous
wherel; is the length of bond; the bond stretching constants materiat-as a model for semicrystalline polyethylene. Because

arek = 376.1x 10° J/mol/nn? andl, = 0.1530 nm. The bond of the use of the united atom force field, we adjusted the
angle bending potential is harmonic in the cosine of the bond polyethylene crystal unit cell from orthorhombic to pseudohex-
angle complement agonal symmetry in order to satisfy atmospheric pressure

conditions at 400 K within the crystal phase. Specifically, the

k, 5 undeformed unit cell had = 0.77479 nmb = 0.44626 nm,
0i =5 (cos6, — cosb) 3) andc = 0.251822 nm, with all crystallographic angles being
Sin"6q 90°. To represent the crystal lamella, we constructed an array

) of 3 by 4 by 5 unit cells (2.32 nnx 1.79 nmx 1.26 nm, density
whered) is the complement of the bond angle constructed by 1 ggg g/crd) oriented with the{201 plane normal to the

bondi andi-1; the angle bending constants &pe= 502.1 kJ/ . jrection of the simulation cell. The choice of 201} -oriented
mol andfo = 68.0. After rearrangement using trigonometric  crysia| is supported by both experimental evid@hcand
identities, the bond torsion potential has the form previous simulation results, which suggest a minimum in
3 interfacial energy for this particular orientation. An initial
E,i= Sk codp, 4) configuration of the 20]}-oriented'crystal was constrgcted of
L 24 chain segments with 80 united atom Lkites in an
orthorhombic box. We immobilized the first and last five sites
where ¢; is the bond torsion angle constructed by bond pairs of each chain segment. 18 chain segments were then selected

{i,i — 1} and{i — 1,1 — 2}; the torsion constants aig € at random to serve initially as bridge molecules. The remaining
{6.498,—16.99, 3.626, 27.11kJ/mol. Here, cog is calculated six chain segments were split in half to form 12 tails, and a
using total of 384 sites were then deleted from the mobile ends of
the tails to satisfy approximately the target interlamellar density

ni*Ni_y of 0.7947 g/cri. The interlamellar density then was fine-tuned

Ari=r;—r_;, N, =Ar; x Ar,_;, COS¢, = (5)

by deforming affinely the mobile region in the direction
perpendicular to the crystal surfackereatfter referred to as the
wherer; represents the position vector of united atom isétad z-direction—to match the target density exactly. The resulting
Arj is the bond vector between two bonded sites. Note that in interlamellar phase model spanned 7.66 nm inzdérection

this convention the torsion angle assumes a value of 180 degreedetween two crystal lamellae and, at a density of 0.7947 §/cm

in the trans state, which differs from the convention employed exhibited an internal thermodynamic stress, summed over the
by Bolton et alt® The total torsion potential is obtained by entire interlamellar phase, equal to atmospheric pressure at 402

[n;[1n;_y |

summing over all available torsion angles. K. The final configuration consisted of 30 chain segments (18
Virial Calculation of Stress. We calculate the virial equation  bridges and 12 tails), with a total of 1536 united atom sites, of
of stress as described by In 't Veld and Rutledfejth addition which 1296 sites were mobile in the simulation. Figure 1

of the torsion contribution to the virial equation displays a schematic representation of the simulation ceII.EBQ/
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402.4,413.8, 425.6, 437.6, 45K. Decay studies of the energy
and end-to-end autocorrelation function confirm equilibration
in 25 000 cycles (one cycle equals 1536 Monte Carlo moves).

For purposes of elastic property calculations, united atom sites
were displaced affinely with strain, either as entire rigid
segments or as individual united atom sites for the crystal and
interlamellar domains, respectively. Sites in the rigid crystal
segments were displaced with respect to a common reference
or anchor point, defined as the intersection of the segment’s
molecular axis with the nearest simulation box face in the
z-direction (atz= 4/,L,). Once deformed, a configuration was
equilibrated for 25 000 cycles. With a few unimportant excep-
tions, tensile and compressive deformations were simulated at
€ € {0.00%,+£1.25%, +2.50%, +3.75%, +-5.00%, +-6.25%,
+7.50%,4+8.75% fori = 1, 2, 3. Combined tensile deforma-
tions, used in calculation of the off-diagonal stiffness coef-
ficients, were simulated for values of paiis= ¢ € {0.00%,
+0.63%, £1.25%, +1.88%, +2.50%, +3.13%, +3.75%,
+4.3894 for i, j = 1,2,3;i # j. Shear deformations were
performed under simple shear fer € {0.00%, +1.25%,
+2.50%, +3.75%, +5.00%4 for i = 4,5,6. Altogether, 1130
Figure 1. Schematic rendering of a simulation cell depicting an points in phase space were simulated on 220 1.0 GHz Pentium
immobile crystalline phase (black beads on a darker background) and|jj processors over a period of 1 month.
a mobile interlamellar phase (white beads). The lighter background Thermal and Elastic Properties. The calculation of elastic
denotes the subset of mobile beads forming the interphase, while the . . . .
white background represents the beads forming the amorphous phaseP'OPerties was performed by canpthT simulation on a
The fraction of material that comprises the interphase is determined grid of points in [T, h) space, wherh is the tensor that describes
dynamically by the simulation. both the size and shape of the system, ¥.g- det().2® Lines

of constant stress can be obtained through interpolation of the

five sites on each anchored end of the chain segments andcalculated virial stress at each grid point. Our motivation for
immobilized within the crystal were sufficient to capture all using the isochoric/isothermal ensemble in this way is 2-fold.
contributions from the crystal phase to energy and stress in theFirst, we can conveniently determine properties at either constant
interlamellar domain. The same simulation is representative of yolume or constant pressure. Second, due to the fact that small
semicrystalline morphologies having thicker crystal lamellae. changes in the volume normally correspond to large changes
For example, if the crystal thickness is assumed to be 13.6 nm,in the stress, it is more accurate and efficient to perform the
then the simulation maps to a semicrystalline polyethylene simulations in theNhT ensemble than thBeT ensemble.
having molecular weight of 10 100 g/mol and 64% crystallin- The transformation of any proper¥(V,T) to any property
ity.14 It is worth noting that the interlamellar spacing and X(P,T) forms the basis of our constant pressure calculations and
crystallinity used here are typical of polyethylene and are within is obtained by determining(V,T), thus creating the ability to
15% of values cited by Hoffman for the canonical model of a construciX(P(V,T), T). At each state point, pressure is calculated
semicrystalline polyethyler®. The interlamellar spacing is as
within 30% of that reported by Crist et al. for a wide range of

crystallinity 1 13
Once created, randomization of the initial configuration was P(TV)=—- Zoi(T,h) 9)
performed atT = 10 000 K for 1000 cycles to ensure rapid 3

amorphization of the interlamellar phase. Phase space was

sampled in Metropolis Monte Carlo fashion through the use of where only the contributions to stress from the noncrystalline
topology-altering (end-reptation and end-bridging) and displace- interlamellar phase are included. Continuity between the crystal
ment moves (end-rotation, re-bridging, and single-site displace- lamellae and the interlamellar phase imposes constraints on two
ment), as explained previoustylmportantly, during simulation of the three cell vectors used to defiheso there is a one-to-
the end-bringing Monte Carlo move converts bridge-tail pairs one relation between the cell dimensiorperpendicular to the

to tail-loop pairs, and vice versa, thereby ensuring equilibrated interface and the cell volume itself; it is sufficient to vary either
distributions of loops and bridges at each temperature. This hasL, or V, equivalently, to change the interlamellar phase pressure,
been described at length in earlier repdfts316 In addition, at each temperature. A least mean square f® ¢ a second-

we facilitated a more efficient sampling of phase space at lower order Taylor series expansion g was used for this purpose
temperatures by applying parallel tempering. Ten such random-to determineP(V). In this work, the pressure of interest ws

ized configurations were quenched to the desired temperature= 1 atm. Thus, we determinédh(T), the cell volume at which
profile and equilibrated for 25 000 cycles before any measure- P = 1 atm, by interpolating pressure as a function of volume at
ments were taken. In contrast to our previous papdor each temperature to identify the curve of consfant 1 atm.
efficiency purposes, we increased the frequency of parallel Isochoric and isobaric heat capacities at atmospheric pressure
tempering moves to one per 1000 Monte Carlo moves. Our were obtained from the simulation data fle¢Vv,T). First, the
parallel tempering scheme used a temperature profile asdata forE(V,T) was fit by least mean squares to a second-order
prescribed by Kofk& to ensure equal swapping probability Taylor series expansion ihat each simulated value ®f From
between neighboring temperatures; an acceptancs@5% was the resulting analytical expressionS, = (dE/dT)|y can be
observed at all temperatures. The temperature profile used hereestimated at any value dfand, by interpolation, at any value
consisted of simulations ate {350, 359.9, 370.1, 380.6, 391.4, of V, within the ranges simulated; in particul&,(Vo(T)) WaSCDV
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used to construct the temperature dependence of the isochoric
heat capacity aP = 1 atm. This is subtly different from the 11 ,
isobaric heat capacity, which requires the change in internal

energy with temperature at constant pressure, as shown in eq

10, 3

_(BH) _ (B} | pfdV Tos

Cp= (3T)P N (B'IE')P + P(a\1{)p (10)
0.8

To compute the first term of eq 10 (Bt= 1 atm), the data for
E(V,T) were fit by least mean squares to a second-order Taylor
expansion inV at each value of, from which the values for 0 1 2 3 4
E(Vo), corresponding to internal energy along fhe= 1 atm Z(nm)

isobar, were determined. These were then fit by least meanFigure 2. Density profiles of the undeformed state #K) € {350,
squares to a second-order Taylor expansioh and, from the 370.1, 391.4, 413.8, 437.6n order from dotted to solid curves.
resulting analytical expressiorjH/dT)|p determined. To com-

pute the second term of eq 10 (alsdPat 1 atm), the data for 0.6
Vo(T) were also fit to a second-order Taylor expansiorin 05
Stresses were calculated as functions of strain and temper-
ature. For each temperature, each component of stress was fit 04
to a second-order Taylor series expansion of the form < 03
6 |[fac\ 16 [d% 02
o;=0p 1+ ) &l|—] += Z‘Gk (11) 0.1
' ! ,Z ! aejo 2= 8ejaek0
0 : -
where subscript 0 denotes expansion aboutRhe 1 atm 0 1 2 3 4
reference volum&y(T) at each specific temperature. Note that, z(nm)

in contrast to our previous wofK,where the reference volume  Figure 3. Absolute orientation profiles of the undeformed stat@(#)

was the same for all temperatures, here the reference volumes {350, 370.1, 391.4, 413.8, 43¥.th order ffOfT; dotted to S?“d curves.

itself is taken to be temperature dependent, in accordance withP2S the bond orientation order parametes = %/;[cog¢(— '/, where

def i . bout th ilibriun® = 1 at ¢ is the angle measured with respect to #hdirection of the vector
_e Orm_a lon occurring abou € equilibruny, = am joining the nearest neighbors of each atom.

simulation cell at each temperature. Furthermore, even though

strains are imposed both perpendicular to and within the plane

of the crystal surface, only contributions from the noncrystalline

interlamellar phase are included in the calculated stress. With 14
this construction, we computed the elastic moduli of the 13 %
noncrystalline interlamellar phase using T 1, }
c (BOi) (12) AT i

ij 8€j Ty 1 %\\E\
The second-order derivative in eq 11 provides a measure of the 09 i\\\i‘"-!-f-—i
nonlinearity of the stress response with respect to strain. At the 360 380 400 420 440
extremes of strain48.75%), nonlinear terms ran as high as T
65% of the linear, Hookean terms in some instances. Figure 4. Interface thickness measured by the method of Gibbs

Grineisen coefficienty; (i = 1, 2, 3) provide a measure of dividing surfaces as a function of temperature in the undeformed state.

entropic contributions to the elastic moduli according to To quantify the interphase thickness, we invoke the concept of

V.[90. 1 (s a Gibbs dividing surface, the plane that partitions the mass
y,=— _O(_') = _(3_) (13) located in the finite width interphase equally to the adjoining
C\IT/v=v,  C\de/r amorphous and crystal phases, as described elsedfrhe

interphase thickness is then defined as twice the distance of

They were calculated at atmospheric pressure following a the Gibbs dividing surface from the surface of the immobile
procedure similar to that used to compute the isochoric heat crystal phase. The crystal surface is defined midway between

capacity, but with stress substituted for energy.

Results and Discussion
Conformational Properties. Figures 2 and 3 show density

the top layer of atoms in the crystal and the first layer of mobile
atoms bonded to them. Figure 4 shows the interphase thickness
as a function of temperature obtained from Gibbs dividing
surfaces, as was done in ref 16. The data show a decrease in

and order profiles, respectively, for an interlamellar phase interphase thickness with increasing temperature, in accord with
flanked by {201} -oriented crystal phases. To enhance the similar trends reported in ref 16 for PE and ref 17 for FRC:

statistics, we mirrored profiles of density and orientational order the higher the temperature, the weaker is the effect of the bond
around the center plane of the simulation cell. The ordered angle and torsion potential, and hence the shorter is the
layering of atoms characteristic of the crystal extend farther into persistence length of the chain. In addition, entropic effects
the interlamellar domain with decreasing temperature, indicative become more important, which altogether leads to a thinner
of a thickening of the interface, or crystal/amorphous interphase. interphase region at higher temperatures. (The small differelg\e/
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in interphase thickness between ref 16 and the current work is 0.5
likely due to a difference in specification of pressure in the two
works; ref 16 defines the amorphous region in the central portion
(only) of the interlamellar phase to be at atmospheric pressure
while in this work the pressure computed over the entire

interlamellar phase is atmospheric.)

The average lengths of bridge, loop, and tail segments in the
interlamellar phase as functions of temperature were investi-
gated. As was the case for FREin PE all three populations
exhibit an exponential decay (not shown) in populatgn;)
with increasing segment length;,, wheren; is the number of
CH, groups in a segment of tyge(bridge, loop or tail), and
p(ni) ~ exp(—u(n)/KT). This is due to the approximately linear
dependence of chemical potentigh;) on segment length. The
average segment lengths for both bridge and tail populations
were found to increase with increasing temperature, fifage]
~ 139 andli,) O~ 44 at 350 K toMrigge ~ 169 andi, O~
55 at 450 K. The shift toward longer segments at higher
temperature can be understood as a consequence of Tthe 1/
dependence qi(n)/KT. All else being equal, this should also
hold true for the loop population, since the chemical potential
of loops and bridges of equal length would be comparable.
Remarkably, the average length of loop segments decrease:
slightly with increasing temperature, frof,op~ 36 at 350
K to Mieepd~ 30 at 450 K. This is in contradistinction to our
results for FRC and contrary to expectations based solely on [0n0] [ 11 a1 13 ol [700] [nn0]
the assumption of segment length-dependent (only) chemical 22 22
potentials. This decrease in loop length is probably due to Figure 5. Reentry distribution at the undeformed state of (a) freely
significant differences in torsional hindrances between loops rotating chains, and (b) polyethylene as a function of reentry orientation

; ; iai ; ; at two temperatures: light bar, 350 K; dark bar, 450 K. The last entry
and bridges or tails, arising from the introduction of preferred . rest’ lumps together all the remaining loops not explicitly considered

trans and gauche states in PE. Short loops require a highefin the other sets. The shortest reentry vector length in a particular
proportion of gauche torsions and/or other high energy torsional direction increases from left to righBee text for notation.

states in order to fold back and reenter the crystal lamella, and

thus are disfavored energetically relative to bridges or tails of o ) )

comparable length. The relevant Boltzmann weight in this case, €ach direction is dominated by loops with the shortest reentry

exp(EwrsKT), penalizes short loops at low temperatures, but VECtor. Figure 5 shows results for both FRC and PE at the same

this penalty decreases at higher temperatures. For this reasorflensity and temperatures of 350 and 450K. It demonstrates the

the temperature dependence of the loop population for PE differs€ffects of torsional contribution and temperature on loop

from both the bridge and tail populations as well as from the topology. The labeling order on theaxis is chosen such that

results for FRC. As an aside, the average length of loops is the shortest reentry vector length in a particular direction

invariably smaller than that for bridges, because the width of increases from left to right. Our first observation is that loops

the interlamellar phase imposes a minimum length for bridges, With reentry vectors oriented in ther{0] direction are the most

but not for loops. common. This population is dominated by the [010] loops,
Next, we consider the equilibrium topology of tHE€0T which are the shortest of all possible loops in{8681} interface

crystal/amorphous interface in polyethylene. The equilibrium ngtheOpSj;gggsxdagcigggzn#ocrﬁ”Igf(:ntz'driers,:j Z:r'ﬁ;essg?n?gé::e
topology in terms of length, orientation and ordering of bridges, P pop gnt,

loops and tails is important not only for material properties of ‘I‘oop,reentry PO'T“S beco_me |ncrea§|ngly far apar;. Last, the
rest’ population is comprised exclusively of loops with reentry

0.4

0.3

([xyz])

& 02

. |

11 13 [n00] [nn0]
[370] [770]

I P

rest

[0120]

P([xyz])

0.2

0.1

" (b)

rest

the interlamellar phase, but also represents the end state for

relaxation of the interface long after crystallization has stopped.
Here, we focus on the loop statistics and introduce a notation
in which [mr0] describes the reentry vector or end-to-end vector
for a loop segmentAfmly, £nly, 0], with |, andl, representing
the projected length of a unit cell vecta ¢r b) at the crystal
surface in the- andy-directions, respectively. In polyethylene,

vectors longer than that for the [110] direction. The increase in
this fraction of the loop population for PE relative to that in
FRC is consistent with the shift toward longer loops in PE.

The main factors contributing to the preferred loop reentry
vectors are the minimum loop length required to traverse the
distance, stiffness of the polymer backbone, and temperature.

the difference in setting angles of the crystal stems at each endFor both PE and FRC, the chemical potential advantage of short

of a loop of type 2 n/2 O] allows us to differentiate between

loops relative to long loops ensures that directions with short

vectors of different length but a common crystallographic reentry vectors are most common; this is the most prevalent
direction (e.g., ¥2%20] and [110]) by small changes in reentry feature of the interlamellar phase topology. The backbone
angles. For all other crystallographic directions, where the setting stiffness due to the bond angle bending and torsion potentials
angles of the crystal stems at both ends of the loop are the sameis the next most important factor in determining the reentry
loops of different reentry vector length but common direction topology, shifting the distribution toward longer loops for PE
(e.g., [100] and [200]) are lumped together; in such cases, themore than for FRC. Reconstruction of reentry topology associ-
loops with shortest contour length are always statistically the ated with changes in temperature between 350 and 450 K has
most important, so we make the simplifying assumption that a relatively small effect. CDV
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Stresses and Thermal Propertiesin the following discus-
sion we make comparisons, where applicable, with experimentalinterlamellar phaseG,(T) increases modestly with temperature
results for both semicrystalline and amorphous melt polyethylene up to 400 K, then decreases thereafter. The simulated isochoric
at atmospheric pressure. In some instances, we have extrapolatedeat capacity was also checked using the fluctuation forfula,
the experimental data for semicrystalline or melt polyethylene with consistent results. The isobaric heat capaCjff) atP =
to temperatures above or below, respectively, the melting 1 atm ranges from 32.8 to 31.7 J/K/mol gFbr temperatures
temperature of 410 K. Such extrapolations are used only to from 350 to 450 K. This heat capacity corresponds to that of
provide upper and lower bounds by which to judge the validity the entire interlamellar domain, including contributions from
of the simulated results. It is worth noting that, even though both amorphous and interfacial components. By comparison,
we are studying a component of a semicrystalline material, our extrapolated experimental values of an amorphous polyethylene
results are expected to resemble the experimental melt resultanelt at atmospheric pressure range from 33.1 to 37.8 J/K/mol
more closely than those of the full semicrsytalline material, since CH, at the same pressure and temperatéftes.
we are simulating and analyzing the noncrystalline interlamellar ~ Figure 8 displays the diagonal components of the stress tensor

phase only. as functions of temperature at atmospheric pressure. The
First we discuss the structure and properties of the temper-z-component of stress is indicative of a system under tension
ature-dependent reference volume systems (i.e., thde=at in the direction normal to the lamellar surface, while the

atm). Figure 6 shows the thermally induced interlamellar y-component indicates compression in the plane of the lamellar
distance needed to maintain atmospheric pressure in thesurface parallel to thk crystallographic axis. The-component
interlamellar domain as the temperature is varied. From the slopeof stress is approximately zero over the whole range of
of this line, the linear coefficient of thermal expansion of the temperature. This can be understood in terms of the reduction
interlamellar phase in the direction normal to the crystal surface of the areal density of chains crossing {{291} surface relative
is determined to be 8.% 1074K, which compares favorably  to the {001} surface. In theb-axis direction, the distance
with an experimental value of 7.2 104K for a PE melt over between points where chains intersect {891} surface is
the same temperature ramijeThe zdirection component  unchanged relative to tH®01} surface; the compressive stress
behaves the most like bulk melt polyethylene, since the presenceis indicative of congestion due to a competition between chain
of crystalline lamellae does not constrain expansion in that packing and conformational disordering. In theplane (the
direction. x-direction), the tilt of chains relative to the surface increases
Figure 7 displays the apparent isobaric and isochoric heatthe distance between points where chains intersecf 204}
capacities as functions of temperature for the interlamellar surface relative to th€001} surface. The degree of chain tilt
domain at atmospheric pressure. We use the term “apparent’corresponding to th€201} surface is just enough to eliminate
because the heat capacity of the interlamellar phase includesany net tensile or compressive stresses in this direction.
latent heat contributions due to shifts of the Gibbs dividing  Figure 9 reports Gmeisen parameters for the PE interlamellar
surface with temperature, as shown in Figure 4; this effect phase as a function of temperature, which are lower than our
contributes to the temperature dependence of the apparent hegtrevious results for FR&. However, the system pressures
capacity and has been discussed in detail elsewRérer the computed in our previous work ranged from 0.13 to 0.25 %PD%
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Figure 12. Off-diagonal tensile contributions to the elastic stiffness
matrix at atmospheric pressurell)(Ciz; (A) Cis; (@) Cas.

Figure 10. Thermal expansion coefficients as functions of temperature
at atmospheric pressurcl) o, () oz; (®) as.

’ %\_ cell, ho (T = 435 K). Thus, we report the first estimate of the
?x? full stiffness tensorC for the noncrystalline interlamellar
= Thea material in PE aP = 1 atm and afl = 435 K:
= el
23: 2 P A C(435K) [GPa]=
N B
" i t A 154 121 0.83 000-0.18 0.0
s, e 1.21 2.02 0.87 0.00-0.24 0.0
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B SetEE 0.00 0.00 0.00~0.00 0.00-0.20
360 380 ;‘("g) 420 440 —0.18 —0.24 0.05 0.00 0.22 0.0

Figure 11. Diagonal tensile contributions to the elastic stiffness matrix 0.00 000 0.00-020 000 05

at atmospheric pressurcl) Ci3; () Cyz; (@) Css. . o . .
P P XCu: (4) Coz (#) Cas The stiffness tensor exhibits monoclinic symmetry. This sym-

(1300-2500 atm), significantly higher than the constant pressure metry is due to the contribution of the interfacial component,
of 1 atm studied here. Even though lower pressure would which reflects in part the structure of the underlying crystal
generally be expected to accompany an increase in configura-lamellae, and can be understood as follows. The unit cell of
tional entropy, the introduction of the torsion potential in this the crystal lamellae exhibits pseudohexagonal or orthorhombic
case stiffens the chains and should serve to lower the confor-symmetry. However, upon rotation of the crystal aboutxaeis
mational entropy. On the basis of these results, the stiffening in order to orient thg 201} surface in the plane normal to the
effect of the torsion potential appears to be the dominant effect. z direction of the interlamellar domain, the stiffness tensor
Figure 10 reports the coefficients of linear thermal expansion components take the general foi@), = RmRinCrnrRy RY,
as functions of temperature. The coefficients were calculated with CmnrsandC{jkl being components of the 4th order stiffness
as described in previous wotkassuming thays << y1. 2, or 3 tensor before and after rotation, respectively, andfgs being
and interpolated to volumes corresponding to atmospheric components of the & 3 rotation matrix; Einstein summation
pressure conditions. From these, the bulk thermal expansionof repeated indices is assum@&dThis results in the stiffness
coefficient is computed usinguuk = Y3(ap + o + o3). matrix for the crystal lamella exhibiting monoclinic symmetry
Comparison of the bulk thermal expansion coefficient with in the frame of reference of the interlamellar domain. The
experimental melt values shows that simulated noncrystalline interfacial contribution to elastic stiffness of the interlamellar
values range from 2.% 104K to 3.2 x 10°%K; these are phase also reflects this symmetry, through its structural con-
about one-third to half of the experimental values for the nectivity to the crystal phase. The uncertainty in each of the
amorphous melt, which range from 7.3110"4K to 7.23 x tensile stiffnesses i40.03 GPa; the uncertainty in each of the
10 %K under comparable conditiod$.The main difference  shear stiffnesses #50.06 GPa, with the exception 6f4, where
between the interlamellar phase and the melt stems from thethe uncertainty is closer t&-0.1 GPa. Within the accuracy of
presence of the interfaces with the neighboring crystal lamellae the shear deformation we employed, we were unable to
in the interlamellar phase material. Continuity between the two determine a value fo€44 significantly different from zero. As
phases results in lower coefficients of linear thermal expansion a result of this uncertainty, the determinant of the matrix in eq
for the noncrystalline material in the plane of the interface, as 14 is also zero, within the accuracy of the method, which
shown in Figure 10, relative to those in the unconstrained melt. indicates that the system is at best only marginally stable with
Values ofas, the coefficient of linear thermal expansion in the respect to shear in the interlamellar phase.
direction perpendicular to the crystal surface, accord with values The elastic compliance matrix is obtained by inversion of
estimated earlier from Figure 5. the stiffness matrixS = C=1, atP = 1 atm andT = 435 K.
Elastic Properties. Figures 11 and 12 show the diagonal The uncertainty irC44 does not affect most of the compliances,
tensile componentS;, wherei = 1, 2, 3. (Voigt notation) and but it does result in unreliable values f&8§4 and Sgs by this

the off-diagonal tensile componeri@g, whereij = 12, 13, 23, process. To account for the effect of this uncertainty on the
respectively. At constant pressure, the stiffnesses decrease wittelastic compliances, we have instead generated numerically a
increasing temperature, as expected. large number @(10%) of representative stiffness matrices by

The shear components were calculated as functions ofassuming random deviatiod€; about the mean values @
temperature, but only for deformation about a single reference as dictated by the estimated uncertainty in each value, inveﬂf\(}
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each of these stiffness matrices, and then taken the average taetermined orthorhombic unit cell, whereas the current work
obtain the best estimate of the compliance ma®ix [{C + uses the equilibrium pseudohexagonal unit cefPat 1 atm,
oC)~ 10 according to the united atom force field of Paul et®However,

in both cases, the predominant reentry vectors occur where the
shortest loops are found. Bond angle stiffness and, for PE,
torsional stiffness also play secondary roles in determining loop

S(435 K) [1/GPaj=

20 -034 -16 O 16 O . IS

_ _ lengths. From an investigation of the temperature dependence
034 13 1.0 O 13 0 . . ;

16 -10 37 0 -32 0 of the average lengths of loop, tail, and bridge segments in PE,

’ ’ ’ ’ (15) it was found that the average length of both bridges and tails

0 0 0 -60 0 -23 increase with increasing temperature, as was the case for FRC.
16 13 -32 00 83 O This is attributed mainly to the segment chemical potentials,
0 0 0 -23 O0 0.8 which increase with chain length, such that lower temperatures

favor shorter segments. In contrast, the average length of loops
decreases with increasing temperature, opposite to what was
found for FRC. This is attributed to the torsional potential, which
disfavors the gauche states required to form short loops; as a
consequence, lower temperatures favor longer loops. In general,
trends of this type may be expected with increasing conforma-

From this, we estimate the Young’'s moduh, = 1/S;, i =
1, 2, 3, and the shear moduli—3; = 1/S;, i = 4, 5, 6, and
obtain the following values (in GPa) for the interlamellar phase
of PE: {E,i=1,2, 3 ={0.49, 0.77,0.27: {G;,i=1, 2,3
= {-0.17, 0.12, 1.1}. The bulk modulus of the simulated
interlamellar phase, defined Ks= 1/((S1 + 2+ S3) + 2(Si2 tional stiffness in crystallizable polymers.
+ Si3+ $3)),%is found to be 0.89 GPa. Reported experimental  Thermg) expansion coefficients of the interlamellar material
bulk moduli for a PE melt range from 1.38 to 0.87 GPa at 350 pehave more or less as expected. The coefficient of linear
to 450 K, respectively, and from 3.37 to an extrapolated value {herma expansion perpendicular to the crystal surface is similar
of 0.84 GPa for semicrystalline PE at the same temperatfres. to that of the bulk amorphous melt, whereas the coefficients

Stresses arising from deformation of the crystal lattice were narajie| 1o the crystal surface mimic those of the crystal phase.
excluded from the calculation, so the interlamellar material is The interlamellar phase is found to be under tension in the

expected to be stiffer than the pure melt, due to the influence girection perpendicular to the lamellae and in compression in
of the |nterface_reg|ons_, yet not as stnff as the experimental {he plane of the crystal surface and parallel to brdirection
values for semicrystalline PE, which include crystal phase qf the unit cell (they-direction of the simulation cell). The degree
contributions. The values for Young's moduli of the interlamel- ¢ chain tilt corresponding to thg201} surface is just enough

lar phase are roughly in gccord With values between 0.02 arjdto eliminate any compressive stresses intiirection.

0.4 GFL‘? estimated by Crist et al. using a two-phase composite  |gqthermal elastic stiffnesses are reported for the first time
model:® Because of the initial uncertainty iQus, we feel that o 4 reglistic molecular model of the PE interlamellar phase.
G1 and G; should be interpreted with caution, but that the £ thermore, both tensile and shear stiffnesses were determined,
estimates foE's, G, andK are all reliable. We can also say 55 \yel| as the temperature dependence of tensile stiffnesses at
with some confidence thaB, < Gz < Gs, which can be  p_ 1 aim. From the full elastic stiffness matrix determined at
rationalized as followsGs represents in-plane shear of the 435k the elastic compliance matrix, Young’s moduli and shear
interphase, which is most strongly resisted by short 10@ps.  qqyi were determined. The bulk modulus was found to lie
represents shear across the axes of the chains, which are tiltégiarmediate between the experimental values reported for a
in thexzplane as they enter the interphase from the neighboring purely amorphous melt and the semicrystalline solid, providing
crystal phaseG; represents sliding of sheets of tilted chains good support for the quantitative accuracy of the PE interlamel-
relative to one another, which does not cut across chain axes;, phase model and, a posteriori, for the conditions of
and therefore is most compliant. Significantly, Krigas et al. netastability on which it is predicated. Estimates of the
reported a plateau shear modulus for the amorphous melt onyechanical properties of the interlamellar phase from molecular
the order of 0.002 GPa; this is below the limit of precision of -, eling of this type, in conjunction with similar estimates for
our simulations and consistent with our difficulty in determining (1o mechanical properties of the crystal pRastould prove

an accurate value d5;.% invaluable as parameters for input to composite models of
semicrystalline polymers with different morphologies that may

Conclusion . - .
arise as a result of processing history, for example.
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