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ABSTRACT

With potential thermal management applications, such as plastic heat exchangers and thermal interface materials, thermally conductive
polymers have gained renewed interest in the past decade. Ultradrawn polyethylene fibers and films have been experimentally shown to
have thermal conductivities at least two orders of magnitude of these in their amorphous counterparts. However, the theoretical molecular-
level understanding of strain effects on the thermal transport in drawn semicrystalline polymers, such as polyethylene, especially the roles of
different interlamellar chain topologies in the crystalline-amorphous interphase region, remains elusive. Using molecular dynamics simulations,
we investigated the strain effects on the thermal conductivity and vibrational transport in a simplified sandwich semicrystalline structure. We
found that the topology of the interlamellar chains determines the dependence of thermal conductivity on strains. Comparing thermal resistan-
ces at different regions in the interlamellar structure, thermal resistance at the amorphous region is not necessarily the highest; the interphase
region with the transition from the crystalline to amorphous state can have a much higher resistance. We conducted the frequency domain
analysis to obtain the heat flux spectrum in the crystalline-amorphous interphase region and found that the vibrational modes at intermediate
and high frequencies can contribute more than these at relatively low frequencies to the total heat flux because of the complex interlamellar
chain topologies (e.g., loop chains). Our work provides molecular-level understandings of the structural-property relationship in semicrystalline
polymers with strains, which could assist the design and development of thermally conductive polymers for thermal management applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0067999

I. INTRODUCTION

It is desirable to achieve high thermal conductivity in poly-
mers for thermal management in applications' such as electronics
packaging,2 thermal interface material,” solar cell,* bat'[ery,5 and
plastic heat exchanger.” These potential applications have moti-
vated researchers to explore thermally conductive polymers using a
variety of fabrication methods, such as mechanical stretching,7’8

lead to a thermal conductivity increase by two to three orders of
magnitude.'”™"” For example, the room-temperature thermal con-
ductivity of amorphous polyethylene (PE) is 0.2 W/(m K). In con-
trast, the thermal conductivity of the commercial ultra-drawn
single PE microfibers (e.g., spectra 2000) has been measured as
~10-16 W/(m K)."® Zhu et al. showed that the thermal conductiv-
ity of those commercial microfibers could further increase ~80%-

electrospinning,” nanoscale templating,'’ blending,'' and compos-
iting,'* and employing molecular-level engineering approaches.'”"*
When polymers are stretched, polymer chains are highly aligned
and the chain entanglements are significantly reduced, which can

150% with a moderate draw ratio of 2-6 under heating."”
Ultra-drawn PE nanofibers were reported to have as high room-
temperature thermal conductivity as ~50-100 W/(m K).””" Besides
stretched fibers, PE films fabricated by roll-to-roll stretching can
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achieve a high room-temperature thermal conductivity,
~60 W/(m K).” In all these nanofiber, microfiber, and film samples,
the PE is in a semicrystalline state with high structural anisotropy
due to stretching.

The semicrystalline polymer is a two-phase mixture system
with the ordered crystalline lamellar phase and the disordered
amorphous phase. A simplified repeating unit of drawn semicrys-
talline polymers is a sandwich structure with two crystalline
regions at the sides called lamella and the amorphous region in the
middle called the interlamellar region.”"** The study of the struc-
ture—property relationship in drawn semicrystalline polymers dates
back to the early 1950s. Theoretically, the series model is widely
used to apply the thermal resistance network concept in such a
two-phase mixture system where the bulk thermal conductivity
values of the corresponding crystalline and amorphous polymers
are used.”’ For example, in the analysis of the experimental data in
the work by Zhu et al.,' the thermal conductivity of crystalline
and amorphous regions was taken from the measurement results in
nanofibers, which is very close to the bulk values. However, our
previous simulation work on unstretched PE models shows that the
series model underestimates the thermal conductivity of semicrys-
talline polymers at high crystallinity due to the ignorance of the
important role of chain topologies in the interlamellar region, espe-
cially the bridge chains connecting two adjacent crystalline lamel-
las.”* Similar bridging effects are also found in other material
systems.'>*™*" To incorporate the bridge chains in the model,
Takayanagi proposed a model that specifically treats bridge chains
the same as the crystalline stems, which are aligned in the extrusion
direction and have the same thermal conductivity as in the crystal-
line stems.” Similar to Takayanagi’s model, the HalpinTsai equa-
tion”” and Cox model’” have been proposed to treat bridges as
straight ultra-aligned chains. We notice that in the model analysis
of high thermal conductivity in ultra-drawn PE films by Xu et al.,’
the thermal conductivity of the amorphous region in the stretched
semicrystalline films deviates significantly from the bulk amor-
phous and the ideal crystal values. It increases initially with the
draw ratio up to 10, stays at a plateau at the draw ratio 10-60, and
then strongly increases with the draw ratio up to 110. Inspired by
this result, we expect a substantial role of interlamellar chain topol-
ogies in the strained semicrystalline polymers, which will not
always lead to a constantly high thermal conductivity value in this
region as in the lamellas.

The increase in thermal conductivity in semicrystalline
polymer fibers or films with strains is related to the change in their
chain structure.*’' Many classical studies a few decades ago
revealed the microstructure and molecular-level structure change in
drawn semicrystalline polymers.”' ~* There are two stages of struc-
tural change upon mechanical stretching after the transformation
from a spherulitic structure into a bundle-of-microfibrils structure,
which are crucial in understanding the strain effects on thermal
conductivity: (1) With relatively small strains, the crystalline lamel-
lae will shatter into several smaller crystalline regions sandwiched
by some amorphous regions. The intrafibrillar bridge chains will
connect the crystalline regions. (2) With relatively large strains,
these intrafibrillar chains and chains outside the microfibrils region
will extend and align themselves. In the past decade, there are also
many molecular-level simulation studies to understand the
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structural evolution and chain dynamics during the stretching of
semicrystalline polymers. For example, atomistic simulations from
Rutledge et al.”>”>~ have provided substantial insights into the
plastic deformation in semicrystalline PE on the roles of interphase
topology, entanglements, and chain dynamics, starting from the
bundle-of-microfibrils-like structure. However, a similar molecular-
level simulation is missing for the thermal transport analysis,
which is necessary to correlate the chain structure and the thermal
transport properties during the stretching process and build better
models for the processing-structure-thermal conductivity relation-
ship in drawn semicrystalline polymers.

In this work, we studied the strain effects on thermal transport
in semicrystalline PEs using molecular dynamics (MD) simulations,
with a focus on the roles of interlamellar chain topology and the
crystalline-amorphous interphase region. This study is based on
our previous studies where we simulated the thermal transport in
semicrystalline PEs without strains™* and explored strain effects in
crystalline PEs'” and polymer fibers."” Here, we built four most
representative repeating units of semicrystalline PE systems with
different crystallinities and interlamellar topology using the
enhanced Monte Carlo (EMC) method®® and stretched them. This
repeating unit is the same as used in the studies of Rutledge et al..
The dependence of their thermal conductivities on mechanical
strains was calculated by the nonequilibrium molecular dynamics
(NEMD) simulations. We focus on small and intermediate strains
in this work where the sandwich structure is still valid and the
intrafibrillar chains do not break. We found that the interlamellar
chain topologies between the two crystalline lamellas determine the
strain effects on thermal conductivity. In addition, we applied the
frequency direct decomposed method*' (FDDDM) to analyze the
vibrational transport across the crystalline-amorphous interphase
region and found that vibrational modes with intermediate and
high frequencies contribute more than 50% to the total heat flux
due to the complex interlamellar chain topologies.

Il. MODELS AND METHODS
A. Semicrystalline polyethylene model construction

Figure 1 illustrates a simplified model of a stretched semicrys-
talline polymer fiber or a film. The crystallite (i.e., crystalline lamel-
lae or crystalline stem) will be aligned in the stretched direction
and interlamellar chains connect crystallites, which mimics the
bundle-of-microfibrils-like structure. A typical repeating unit con-
sists of two crystalline regions and an interlamellar region. We con-
sidered three types of chain topologies in the interlamellar region,
i.e., bridges, loops, and tails. Among these, a bridge is defined as
the segments connecting the crystalline stems throughout the inter-
lamellar region; a loop connects crystalline stems at the same side;
and for a tail, one side of it is connected to the crystalline stems
while the other side terminates.

We focus on the semicrystalline PE for simplicity in its chemi-
cal structure. We used the unit cell of the PE crystal to represent
the crystalline region in the semicrystalline PE, which is a different
but simplified version from the switchboard model of a polymer
crystalline lamella. We employed the same method as in our previ-
ous work,”* i.e., the EMC method,” ™ to build the semicrystalline
PE models. Here we only describe the major procedures with more
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FIG. 1. Schematic diagram of the representative repeating unit of a stretched
polymer fiber or a film. The bottom panel of the zoomed-in view shows a repre-
sentative unit of the semicrystalline structure, which contains two crystalline
regions on both sides (blue shaded regions), two interphase regions (green
shaded regions), and an amorphous region (intermediate light green region).
The interphase regions and the amorphous region sandwiched in the middle
are defined as the interlamellar region. These regions are distinguished accord-
ing to the density profiles. Different types of chains in the interlamellar regions
are illustrated using different colors: Bridges are denoted by red lines, loops are
denoted by green lines, and tails are denoted by yellow lines.

details referred to our previous publication. (1) First, a crystalline
PE structure comprising 3 x 5 x 100 unit cells was generated with
the lattice constant a=7.7175A, b=4.45 A, c=2.527 A, resulting
in 6000 atoms and 30 chains in the simulation box. The
united-atom force field was used to describe the interatomic poten-
tial.”* The chains were then aligned parallel to the z-direction of
the simulation box. To create different effective crystallinity X in
the simulation domain, we selected and fixed 18 and 28 layers of
atoms (each layer contains 3 x 5 x 1 unit cells) on each side in the
z-direction as the crystalline region for the X =51% and X =280%
effective crystallinity configurations, respectively. The effective crys-
tallinity X is defined as the ratio between the effective lengths of
crystalline and the whole semicrystalline regions. Periodic boundary
conditions are applied in all directions. (2) Next, 5 or 10 of the 30
chains were cut randomly, and 325 or 130 united atoms in these
chains were removed in X=51% and 80% configurations, respec-
tively, to match the experimental amorphous density of ~0.855 g/cc
at 300K and 1atm.*” (3) Then, all the united atoms in the inter-
lamellar region underwent random Monte Carlo moves, including
single-site displacement, end-rotation, re-bridging, end-reptation,
and end-bridging, to form the interphase and amorphous regions.
Among these moves, bond formation and breakage were involved.
During this procedure, the number of tails (Nt =10) and the total
number of bridges and loops (N + Ny =25) remained the same.
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These random Monte Carlo moves were performed at 10 000 K to
promote rapid randomization of the interlamellar configuration,
generating the amorphous phase. (4) Finally, these configurations
were equilibrated at 10 000 K for 20 000 Monte Carlo cycles, fol-
lowed by quenching from 10 000 to 300 K stepwise during 600 000
cycles. The quenching was performed in the sequence of 5000,
2000, 1000, 750, 500, 400, 350, and 300 K in 20 000, 40 000, 40 000,
40 000, 60 000, 80 000, 160 000, and 160 000 cycles, respectively. An
advantage in building configurations by the EMC method is that
the atoms in the interphase region are covalently bonded to the
crystalline stems and amorphous regions instead of simply stacked
through the van der Waals interactions. After quenching, the inter-
lamellar region evolves into an amorphous region and a transitional
interphase region.

Figure 2 shows the configurations of semicrystalline PE with
X =80% and X =51% built by the EMC method. The density pro-
files are also shown so that the regions of crystalline, interphase,
and amorphous can be distinguished. The average density of the
crystalline region is ~1 g/cc and that of the amorphous region is

—~
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N
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N
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interlamellar heat sink

o
)

heat source

Density (g/cc)
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FIG. 2. Schematic diagram for the semicrystalline PE models with (a) 80% and
(b) 51% crystallinity. Atoms in crystalline and interlamellar regions are marked in
yellow and blue, respectively. The density profile (density as a function of Z) is
plotted. For the NEMD simulation, vacuum regions are added on each end
along the z-direction. Atoms in the boundary regions are fixed. Heat source and
sink are applied in the regions adjacent to the fixed regions.
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~0.87 and ~0.83 g/cc, which is comparable with the experimental
results, 0.85 g/cc. The drop in the density from crystalline to amor-
phous regions occurs in a transition region, which is defined as the
interphase region. The thickness of the interphase region is esti-
mated as ~1 nm.

Table I summarizes the four models investigated in this work.
The models M1, M2, and M3 are built at the same crystallinity,
X =51%, with an increasing number of bridge chains. The model
M4 is built with a much higher crystallinity, X = 80%, with a sub-
stantially increased number of bridges. The goal is to compare the
thermal conductivity and the thermal transport process in both
unstretched and stretched models.

B. Molecular dynamics simulation and thermal
conductivity calculation

MD simulations were performed to equilibrate the ensembles
generated by the EMC methodology and to study their thermal
properties using the LAMMPS package.”’ The timestep was 1 fs in
all simulations because the united atom model rather than the
all-atom model was used so that there are no fast-vibrating hydro-
gens in our model. The same united-atom force field as in the
EMC method was used here. Periodic boundary conditions were
applied in all three directions. Independent configurations for each
crystallinity were equilibrated in the NPT (constant total number of
particles N, pressure P, and temperature T) ensemble for 8ns,
during which the pressure is 1 atm and temperature is 300 K. The
pressure and temperature damping parameters were 1000 and
100fs, respectively. Then, 0.2ns NVE ensemble (constant total
number of particles N, the volume V, and the total energy E of the
system) was performed for relaxation. During MD simulations, the
numbers of bridges, loops, and tails do not change.

The thermal conductivity calculation was done by the NEMD
simulation method.'>'®*****> Figure 2(a) shows the simulation
setup. To establish a temperature gradient along the z-direction
without introducing coupling between thermostats, vacuum regions
with a size larger than the cut-off distance for the united-atom
force field were added on each end and a certain number of layers
on both ends were fixed. The heat source and heat sink regions
were controlled by the Langevin thermostat, and the temperature of
the region was set to 350 and 250 K, respectively.

The non-equilibrium simulations were performed for 5ns to
make sure that the system has reached a steady state. In the steady

TABLE I. Parameters in each semicrystalline PE model configuration investigated in
this work. The models M1, M2, and M3 have the same crystallinity. The model M4
has a higher crystallinity. The bridge, tail, and loop numbers of each model are
listed.

Crystallinity, Bridge Tail Loop
Model X (%) number, Ng  number, Nt number, N
M1 51 1 10 24
M2 51 2 10 23
M3 51 3 10 22
M4 80 7 10 18
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state, the heat flux along the z-direction is

:i AESOMTCE
==\ At

AEgink
At

"

) M)

A is the cross-sectional area in the x-y plane; At is the timestep;
and AE,. and AE,; are the amount of heat added to the heat
source and subtracted from the heat sink, respectively, which can
be recorded during the simulation. The effective thermal conduc-
tivity of the interlamellar region A, is defined as

AT
%= =N 2
where AL is the length of the interlamellar region and AT is the
temperature difference across this region. All the parameters were
calculated in the z-direction. To obtain accurate AT, the tempera-
ture profile of semi-crystalline PE was averaged over the last 1 ns in
the NVE ensemble.

C. Stretching semicrystalline polyethylene

We used the engineering strain € to describe the stretching
process, € = L;/Ly — 1, where L; and L, are the final length and
initial length. We used the “fix deform” command in LAMMPS
and changed the dimension of the simulation box at a constant
engineering strain rate. The engineering strain rate in this work is
5x10”s™', which is comparable to the previous work by
Kim et al’® All the models were stretched with an engineering
strain £ from 0 to 0.3 in a uniaxial extension fashion and the con-
figuration models at £=0, 0.15, and 0.3 were recorded for further
analysis. The models will then be relaxed in the NVE and NVT
ensembles. More details can be found in our previous publication."
We note that during the stretching process of some models, a
portion of loops and tails can temporarily act as bridges connecting
crystalline parts on two sides. After relaxing these structures in
NVE and NVT ensembles, some loops and tails will shrink back to
the crystalline side, whereas others remain connecting.

I1l. RESULTS AND DISCUSSION

A. Strain effect on the chains in the interlamellar
region

We have shown in our previous work™ that the contribution
to the thermal transport in the interlamellar region from tail and
loop chains is not negligible at the intermediate crystallinity, espe-
cially when the number of bridge chains is small. When the semi-
crystalline PE with the intermediate crystallinity is stretched, it
remains unknown how the tails, loops, and bridges contribute to
the thermal transport. Moreover, multiple configurations exist for
the interlamellar chain topologies even when the initial crystallinity
is the same. In this section, we first examine the interlamellar chain
topologies when the semicrystalline PE is stretched. Figure 3 shows
the snapshots of three semicrystalline PE models under strains at
the same crystallinity X =51%. The three chain topologies in the
interlamellar region, i.e., tails, loops, and bridges, can entangle with
each other in the unstretched model. When strains are applied,
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(a) M1 these entanglements could retain or disappear. Figure 3(a) illus-
£=0: trates the model M1 where a loop chain connects the two inter-
phase regions, functioning as a “bridge” chain, at €=0.15. The
loop chain eventually unhooks and shrinks back to one side at
€=0.3, leaving only one bridge chain in the middle. Figure 3(b)
shows the model M2 where only two bridges directly connect the
two crystalline stems. The chains are more coiled at a smaller strain
€=0.15 and become more aligned at a larger strain &£=0.3.
Figure 3(c) shows the model M3 where three bridges and one tail
connect the two crystalline stems at £ =0.15 and this topological
configuration does not change even at £=0.3. At £=0.3, the
chains are stretched and less coiled, but the tail chain remains to
entangle with the other three bridge chains. Here the tail chain
functions as if it was a bridge chain, but the difference between the
tail chain and a bridge chain is that the tail chain is not covalently
bonded to the other side. Figure 4 shows the snapshots of model
M4 with the crystallinity X =80%. Due to the higher crystallinity
(b) M2 and the larger number of bridge chains compared to models M1-
£=0: M3, the bridge chains tend to easily align with the stretching direc-
; tion. At €=0.15 and €=0.3, the loop and tail chains rest at the
interphase region with only local entanglements with bridge
chains. This observation is in distinct contrast with the models M1
and M3 under stretching where the tail or loop chains can reach
further into the opposite interphase region and entangle with the
bridge chains.

One common feature in the chain configurations with our
strained models is the formation of cavitation, i.., longitudinal
void, in the amorphous region. This configuration is consistent
with the schematics shown in Fig. 1 and also schematics shown in
the work of both Xu et al. and Zhu et al.*'” To understand how
the interlamellar topology affects the thermal transport in strained
semicrystalline polymers and also conduct the phonon transport
analysis later, we need to have a minimum change of the crystalline
lamellar regions and the deformation is only localized in the inter-

(c) :1:;: lamellar and non-crystalline regions. Similar treatments have been
used in building thermal conductivity models for semicrystalline
polymers, such as in Choy’s model and Takayanagi’s model. In
MD simulations, whether the cavitation will form or not during the
stretching process is determined by the strain rate and the

. simulation temperature. Yeh et al,”’ Ranganathan et al,”” and

Kim et al.”® have shown that in the tensile drawing of semicrystal-
line polymers, there is a competition between cavitation and activa-
tion of crystal plasticity. They have found that when the strain rate
is higher (5 x 107 s71, the same as in our simulation) at a simula-
tion temperature of 350 K, the cavity will form. When the strain
€=0.3: rate is an order of magnitude smaller, the melting and
re-crystallization will be observed during the simulation of a one-
dimensional semicrystalline unit. However, when the temperature
is much lower (e.g., 250 K), the liquid-like response required for
melting and re-crystallization events is suppressed; only the
cavitation will be observed in the simulation.

FIG. 3. Snapshots of semicrystalline PE models (a) M1, (b) M2, and (c) M3
under stretching with engineering strains £ =0, 0.15, and 0.3. For better visual- . .
ization, the model is repeated once in the vertical direction in these snapshots, B. Strain effect on the thermal transport in the
and the interlamellar region is masked. Colors represent different topologies of interlamellar region

chains: blue for loop chains, pink for tail chains, green for the first bridge chain,

purple for the second bridge chain, and orange for the third bridge chain. The thermal transport in the interlamellar region in each

model was investigated by the NEMD simulation. After the
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FIG. 4. The snapshots of the semicrystalline PE model M4 under stretching
with engineering strains (a) € =0, (b) € =0.15, and (c) € =0.3. For better visual-
ization, the model is repeated once in the vertical direction in these snapshots.
The interlamellar region is masked. The temperature profiles obtained from
NEMD simulations are also shown for each model. The location Z is matched
with the snapshot.

molecular system reached a steady state, the temperature profile,
which is the average temperature as a function of the location Z,
was plotted. Figure 4 shows three temperature profile examples in
model M4 with different strains. The heat current flows from the
left crystalline stem, through the interphase region, across the inter-
face between the interphase region and the amorphous region,
along the chains in the amorphous region, across the other inter-
face and interphase region, and finally reaches the right crystalline
stem. Even though the amount of total heat current Q flowing
across the cross-sectional area A is the same at different locations
or regions, the relative temperature drops across each region are

ARTICLE scitation.org/journalljap

TABLE Il. Thermal transport properties of semicrystalline PE models at three differ-
ent strains. The model index represents the model number and strain value. For
example, the index M1_15 refers to model M1 at a strain of 0.15. AT1, AT2, and
AT3 refer to the temperature drop at the interphase region, across the interface
between the interphase and the amorphous regions, and the amorphous region,
respectively. Here the “amorphous” is loosely defined in the strained models, where
there might be only a few bridge chains in this region. Q is the heat current flowing
in the interlamellar region. A and A, are the effective thermal conductivities in the
interlamellar region and the amorphous region, respectively.

AT, AT, AT, Q A A

€ a
Model  (K) (K) K) @W) [W/(mK)] [W/(mK)]
M1_0 61 N/A 913 6.3 0.11 0.10
MI1_15 584 264 137 3.5 0.08 0.13
M1_30 286 352 354 1.7 0.05 0.07
M2_0 6.7 N/A 902 8.2 0.14 0.13
M2_15 355 464 16.7 3.9 0.10 0.09
M2_30 29.7 367 318 34 0.11 0.15
M3_0 93 N/A 872 9.3 0.15 0.14
M3_15 56,6 279 127 6.9 0.16 0.30
M3_30 537 158 27 6.5 0.20 0.38
M4_0 176 N/A 647 422 0.27 0.20
M4 15 255 501 84 507 0.97 3.69
M4_30 38 23.7 243 55.8 1.80 3.85

substantially different. A comparison among the magnitudes of
temperature drop across different regions AT indicates the distribu-
tion of the thermal resistances R in the interlamellar region of the
same PE model because R = AAT/Q. Table II shows a more
detailed comparison among the temperature drops at three regions
in the interlamellar region. For the unstretched model, separating
the interface region from the interphase region is not necessary
(marked N/A in the Table). For the stretched model, the interface
between the interphase and the amorphous region creates a notable
temperature drop, as shown in Figs. 4(b) and 4(c). Even though the
“amorphous” region only has a few bridges left with stretching, we
still adopt the same name for this region here.

We will first compare the relative thermal resistance contribu-
tions from different parts of the interlamellar region. For a certain
model (e.g., M1_15), the heat flow and cross-sectional area are the
same for different regions, so the temperature drops at different
regions (AT1, AT2, and AT3) represent the thermal resistances.
When the semicrystalline PE models are not stretched, e.g., M1_0,
M2_0, and M3_0, the thermal resistance contribution from the
amorphous region dominates (>90% contribution), which results
from the low thermal conductivity of randomly oriented polymer
chains in this region. The interphase region, which is the transition
from the crystalline region with atomic order to the amorphous
region that lacks long-range order, also adds a small but non-
negligible (6%-10%) contribution to the total thermal resistance.
When the semicrystalline PE models are stretched, three regions gen-
erate thermal resistance: the interphase region, the amorphous
region, and the interface between these two regions. Here we
describe the observations in Table II based on the comparisons
among M1-M3 with the same crystallinity: (1) The interphase region
significantly contributes to the total thermal resistance (30%-60%)
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because this region was originally the amorphous region before
stretched, filled with random orientation of chains. When the same
polymer is stretched from € = 0.15 to 0.3, the relative contribution to
the total thermal resistance decreases but the absolute thermal resist-
ance almost remains the same (the difference is less than 4%). (2)
The amorphous region increases its relative contribution to the total
thermal resistance with increasing strain from €=0.15 to 0.3. For
MI, the number of chains connecting the two crystalline stems
reduces from one bridge chain and one loop chain to only one
bridge chain. Therefore, thermal resistance of this region substan-
tially increases due to fewer channels for thermal transport and the
increased volume of voids between chains. The voids will not carry
any vibrational energy so that the thermal energy travels solely via
the chains connecting the stems. For M2 and M3, the chains con-
necting the stems become more aligned with strains that make the
thermal resistance along the chains reduced, but the thermal resist-
ance of this region still increases due to the increased volume of
voids. (3) The interface region decreases its relative contribution to
the total thermal resistance with increasing strain from £=0.15 to
0.3 for M2 and M3 but shows an opposite trend for M1. Even
though the thickness of the interface region is much smaller than
the other two regions, the thermal resistance is non-negligible.
Likely, the partial transmission of incident vibrational modes, the
conversion between modes, and the anharmonic scatterings among
modes cause a temperature drop and then a thermal resistance at the
interface between the interphase and amorphous regions.”*™*" When
the semicrystalline PE is stretched with only a few connecting chains
in the amorphous region, these connecting chains (e.g., bridges)
become the only channels for vibrational energy to transport, so the
interface resistance is determined by the chains in the amorphous
region to some extent. For M1, the number of connecting chains
decreases from two to one, which explains the increase in the relative
contribution of interface resistance. To quantify this change, the
interfacial thermal resistance in the model M_15 is 7.5 K/nW,
whereas it is 20.7 K/nW in M1_30, an increase of ~2.8 times. For
M2 and M3, this relative contribution decreases due to the better
alignment of bridge chains with strains.

Now we compare the relative thermal resistance contributions
from different parts of the interlamellar region for model M4, with
a direct comparison of the temperature profiles at different strains
in Fig. 4 and the relative contributions in Table II. The contribution
from the interphase region to the total thermal resistance is larger
than 20%, and this contribution increases with larger strains.
Comparing the resistances at €=0.15 and 0.3, the largest thermal
resistance is not from the amorphous region with multiple bridge
chains. These short and aligned bridge chains effectively transport
vibrational energy from one side to the other side. The consequence
of the thermally conductive bridge chains is the relatively large resist-
ance at the interface and interphase regions, which can be seen from
the temperature drops at these two regions. The dominant thermal
resistance shifts from the interface region to the interphase region
from €=0.15 to €=0.3 due to the decreasing resistance from the
interface region, which arises from the enhanced capability to trans-
port heat on the bridge chains with much better chain alignments.

We then compare the thermal conductivity in the amorphous
region A, and the effective thermal conductivity of the entire interlam-
ellar region A, in Table II. At zero strain, A, almost equals A,, which
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is expected. Even though there are certain resistances at the interphase
regions, they are much smaller than those at the amorphous regions.
For models M1 and M2 at strains € = 0.15 and 0.3, A. is about 60%-—
75% lower than A, due to the large thermal resistances at both the
amorphous region and the interphase/interface region. One exception
is the M2 at € =0.15, where the A, and A, are comparable to each
other. For models M3 and M4 at strains € =0.15 and 0.3, with an
increasing number of bridge chains and thus the capability to trans-
port heat in the amorphous region, the interphase/interface resistances
become relatively high, and the A, starts to become much smaller
than A, (e.g., 28%-50%). All these reductions of effective thermal con-
ductivity in the interlamellar region from that in the amorphous
region reiterate the non-negligible roles of the thermal resistances at
the interphase and interface regions.

C. Strain effect on the effective thermal conductivity

Figure 5 shows the dependence of the effective thermal
conductivity of the entire interlamellar region on the external
strain and interlamellar configuration (i.e., models in Table II).
Figure 5(a) shows that applying external strains on the semicrystal-
line PE does not always increase the effective thermal conductivity,
which contrasts with the strain effect on the amorphous PE.' This
difference is due to the complexity of the interlamellar chain topol-
ogy. Even for the PE models with the same crystallinity M1-M3,
the strain effects appear differently. For M1, the A, substantially
decreases with increasing strains. One bridge chain and one loop
chain connect the two crystalline stems at £ =0.15 whereas only
one bridge chain is left at € =0.3, as seen in Fig. 3(a). External
strains probably help align the orientation of the only bridge chain
but also destroy the connection made by the loop chain. Due to the
limited heat transfer channels in the amorphous region, the
thermal conductivity decreases with the increasing strain. A larger
strain does not necessarily result in a higher thermal conductivity,
which depends on the chain topologies and the number of chan-
nels in the interlamellar region. For M2, the A, slightly decreases
after applying strains, but the difference between €=0.15 and
€=0.3 is very small. With increasing strains, the number of bridge
chains still stays the same as two and these two chains do not sig-
nificantly change their alignment and orientational order, as seen
from Fig. 3(b). For M3, the A, increases with strains. With three
bridge chains and one tail chain always connecting the two crystal-
line stems, these four chains are stretched with a much better ori-
entational order, as seen from Fig. 3(c). As shown in our previous
work, a better orientation order in polymer chains assists their
vibrational transport and thus enhances the thermal conductivity.
The increasing trend of thermal conductivity with strains is more
obvious in the model M4, with a much higher crystallinity and a
larger number of bridge chains in the amorphous region (shown in
Fig. 4). From the above analysis, the number of connecting chains
between the two crystalline stems in the interlamellar region is
important. The strain would likely increase the thermal conductiv-
ity if a large number of chains bridging in the interlamellar region,
whereas the thermal conductivity could decrease or stay the same
with increasing strains if fewer chains connect the two stems. In
models M1 and M2, the external strain will not monotonously
increase the thermal conductivity of the semicrystalline PEs, which
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FIG. 5. The effective thermal conductivity of the interlamellar region for models
M1-M4 as a function of (a) strain £ and (b) bridge number n.

is consistent with the recent experimental finding in stretched PE
films. In the work by Xu et al® the thermal conductivity of
stretched PE films with different draw ratios was measured. They
also extracted the effective thermal conductivity in the amorphous
region using reasonable analytical models. In Fig. 3 of their original
publication, they have shown that at a moderate draw ratio (e.g.,
20-60), the thermal conductivity for the entire film and the amor-
phous region does not vary substantially, with a fluctuation in the
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range of 3-6 W/(m K) despite a triple variation in the draw ratio.
This plateau region is beyond the initial increase in thermal con-
ductivity with strains due to alignment of crystallites in the stretch-
ing direction, which is at a draw ratio less than 20. Our simulation
does not start with stretching an isotropic semicrystalline PE;
instead, our zero-strain model is a one-dimensional stacking semi-
crystalline structure, which mimics the experimental stretching at a
moderate draw ratio where the crystallites are orientated in the
stretching direction connected by the amorphous regions. Our sim-
ulation results match the overall trend with the recent experiment
results at a moderate draw ratio and an intermediate crystallinity.

Figure 5(b) shows the dependence of effective thermal con-
ductivity in the interlamellar region as a function of the bridge
number at different strains. Overall, the effective thermal conduc-
tivity increases with the number of bridge chains, which extends
the conclusion from our previous work on semicrystalline PE
without strains™ to these models with strains. Without strains, the
bridge chains are not always aligned well with the heat flow direc-
tion, which are not in their most efficient state to transfer heat. In
addition, the interactions with tail and loop chains weaken their
ability to effectively transport heat. Therefore, the dependence of
thermal conductivity on the bridge number is not significant in the
unstretched models compared to the stretched ones. At strains
€=0.15 and £=0.3, the interactions between bridge chains and
tail/loop chains are reduced because most of the tail and loop
chains shrink back to or stay in the interphase or interface region.
The dependence of thermal conductivity on the bridge number is
more substantial at these strains.

We can compare the effective thermal conductivity of the inter-
lamellar region with the thermal conductivity of their bulk amor-
phous counterparts. As shown in our previous work, the thermal
conductivity of bulk amorphous PE using the same force field is
0.12 + 0.02 W/(mK).** Except for model M2, the other models
M1, M3, and M4 do not have the same thermal conductivity as the
bulk amorphous PE, with and without strains. Our previous work”*
pointed out that the thermal conductivity of semicrystalline PEs
without strains does not match that of the bulk amorphous counter-
parts, especially at high crystallinities. This work extends this conclu-
sion to semicrystalline PEs with strains, which represent the models
of stretched PE films and highly aligned PE fibers. Therefore, the
interlamellar chain topologies are important to determine the
thermal conductivity of semicrystalline polymers.

D. Vibrational energy transport in the interphase region

The above analysis on the thermal conductivity of semicrystal-
line PE, the thermal resistances at different regions, and the strain
effect focuses on the thermal conductivity and resistance only. To
understand the energy transport in the interlamellar region from the
vibrational mode perspective, we will analyze the mode contribution
to heat flux in selected regions. The heat transfer mechanism in the
amorphous region is relatively better understood (if not fully under-
stood) in the literature compared to the other two regions, both with
and without strains. Without strains, the thermal transport in the
amorphous region is similar to that in the amorphous
polymer.">**** With strains, the thermal transport in bridge chains
is similar to that in single polymer chains.'®" It remains elusive
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FIG. 6. Applying the FDDDM to the interphase region in
model M2_0. The model M2 contains two bridge chains
(bridge 1 and bridge 2), 10 tail chains, and 23 loop
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how the vibrational energy is transferred across the interphase and
interface regions where the arrangement of atoms exhibits a transi-
tion from the crystalline order to amorphous disorder.

To understand the contribution to heat flux from vibrational
modes, we conducted the analysis using the frequency domain
direct decomposed method (FDDDM) to solve the heat flux spec-
trum across the crystalline-amorphous interphase region in the
semi-crystalline PE, following the method described in Ref. 41.
Figure 6 shows the concept of applying FDDDM to semi-crystalline
models. A standard NEMD method is applied to establish a
thermal gradient across the interlamellar region. We selected the
interphase region, as marked, as the “control volume” in the
FDDDM. For example, in our model M2_0, we selected the control
volume at the central position z=91.8 A with a thickness of 30 A,
which contains 667 atoms. We then divided the control volume
into two layers, left and right layers, and calculated the frequency-
dependent thermal conductance across an individual interface
between the left and right layers following Eq. (4) in Ref. 41. In the
model in Fig. 6, the temperature drop within the interphase control
volume is ~10 K. Such a small temperature variation in the control
volume limits the atomic displacement to be much smaller than the
distance between atomic equilibrium positions but inevitably
results in significant noise in the heat current spectrum. We
applied a Gaussian filter to suppress the noise in the spectrum with
an optimized cut-off frequency in the range of 0.1-0.5THz. A
larger cut-off frequency leads to a more accurate sampling but with
more random noise, whereas a smaller cut-off frequency results in
a smooth spectrum but with a potential distortion in the spectrum.
In addition, we found that a statistically large number of atoms in
the control volume (e.g., >600) is necessary to provide a statistically
meaningful heat current spectrum with suppressed noise. In this
work, we only applied the FDDDM analysis to the unstretched M2
model as a representative model, which has enough atoms in the
interphase region and can maintain a reasonable temperature drop
in the same model. After reaching the steady state in the NEMD
simulation, the equilibrium positions of atoms were calculated by
averaging the atomic trajectory for 1 ns. Then, the displacement of
each atom was recorded for 50 ps. By calculating the heat flux
between atoms in left and right layers following Ref. 41, we calcu-
lated the heat flux spectrum in the interphase region.

250

Figure 7(a) shows the heat flux spectrum in the interphase
region of model M2_0. In general, vibrational modes with lower
frequencies (<5 THz) carry more heat flux than high frequencies
(10-15 THz). This trend is as expected because the low-frequency
modes usually have higher thermal diffusivities on a per mode
basis, especially for these modes involving atoms on the covalently
bonded chains. Because of the complicated chain topologies in the
interphase region, especially the loop chains, the heat transfer
along the chain can be in the +z or —z directions, which results in
positive or negative atomic heat fluxes in Fig. 7(a). This negative
atomic heat flux does not violate the second law of thermodynam-
ics or Fourier’s law because accumulatively the heat current still
flows from the high-temperature side to the low-temperature side.
The loop chains and tail chains are covalently bonded, which result
in negative heat fluxes with large magnitudes at low frequencies.
Therefore, even though the magnitude of the heat flux contributed
from lower-frequency vibrational modes is large, the negative heat
flux in this region limits the net heat transfer and creates thermal
resistances in this region.

We note here that the limited size of our simulation domain
might suppress the contribution to the total heat flux from vibrational
modes with long mean-free-paths or long modal spatial extent (an anal-
ogous concept for localized modes). The simulation-domain-induced
size effect in the computed thermal conductivity and interfacial thermal
resistance using the NEMD method is well known where vibrational
modes with wavelengths or mean-free-paths much longer than the
domain size are not supported in the simulation. Recently, we have
published a computational work"® on the size effect of the thermal con-
ductivity in an amorphous polymer, which shows that the
mean-free-path of propagating heat carriers can range from tens of
nanometers to more than 100 nm, contributing 16%-36% of the total
thermal conductivity. A recent experimental work™ indicates that the
vibrational modes with mean-free-paths more than 200 nm make a
non-negligible  contribution to  thermal transport  across
crystalline-amorphous interfaces even though there are substantial
microstructural imperfections in the specimen.

We also note that previous simulation works demonstrated
the importance of vibrational modes with high frequency (>5 THz)
on the thermal transport in both crystalline and amorphous poly-
mers. Vibrational modes with relatively high frequency or limited

J. Appl. Phys. 130, 225101 (2021); doi: 10.1063/5.0067999
Published under an exclusive license by AIP Publishing

130, 225101-9


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

—~
)
~

20000 — ' r T

L2 PR

10000

o
-,
Taa
‘?‘»

-10000 4

0 5 10 15 20
Frequency (THz)

Heat flux spectrum (MW/m”2 K THz)

(b

~

e o o =
> o ® o

o
(N

Accumulative heat flux

e
o
o

9 10 15 20
Frequency (THz)

FIG. 7. Analysis of the heat flux spectrum using the FDDDM. (a) The heat flux
spectrum as a function of frequency in the interphase region of model M2_0. (b)
The normalized accumulative heat flux as a function of frequency in the inter-
phase region of model M2_0.

modal spatial extent were not generally considered as significant
contributors to the total thermal conductivity or interfacial thermal
conductance in inorganic materials. However, first-principles calcu-
lations of the phonon transport in the PE chain and crystal by
Wang et al.’' show that the contribution to the total thermal con-
ductivity from modes with frequencies less than 5 THz is only less
than 20%, with the major contribution from modes with frequen-
cies in the range of 5-15 THz. Molecular dynamics simulation and
normal mode analysis of thermal transport in amorphous polymers
show that spatially localized modes with high frequencies
(>>5THz) and low modal spatial extent (~1 nm) contribute >80%
to the total thermal conductivity due to their large population.’”
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Although the delocalized modes contribute more to thermal con-
ductivity than these spatially localized modes on a per mode basis,
their overall contribution is less than 20% in amorphous polymers.

Figure 7(b) shows the accumulative heat flux as a function of
frequency. Although the interatomic heat fluxes at low frequencies
have large magnitudes, they only accumulatively contribute ~40% of
the total heat flux up to ~5 THz because of the negative heat fluxes
with similar magnitudes. The vibrational modes with frequencies
between 5 and 10 THz contribute ~50% heat flux and modes with
frequencies above 10 THz carry the rest 10% energy across the inter-
phase region. Even though it has been demonstrated that vibrational
modes with middle to high frequencies can also contribute to heat
transfer across other interfaces, such as Si/Ge interfaces,"” the
interphase region investigated in this work is unique because of the
covalently bonded chains with topologies such as loop and tail. Our
analysis shows that vibrational modes at intermediate and high fre-
quencies can contribute more than these at low frequencies to the
total heat flux in the interphase region of semicrystalline polymers.
Even though the simulation size effects might exist, the effect of can-
cellation of positive and negative heat fluxes at low frequencies due
to chains with topologies could still dominate.

Further investigations will be needed to validate this phenom-
enon and potentially extend this phenomenon to any interface or
region with complex topology in the future. For example, to excite
more delocalized modes within the simulation domain and
examine their role, a thicker interphase region and a larger crystal-
line region would be helpful. A mode-level analysis is also useful to
understand the contribution from different types of vibrational
modes. For example, a few recent publications pointed out the
importance of the interfacial modes for the interfacial thermal
transport. From the normal mode analysis,”* it is found that the
interfacial modes at the crystal/amorphous interface can have the
highest per mode contribution to the interfacial thermal conduc-
tance among all modes. Similarly, from the modal NEMD
method,” it is found that the few atomic layers at the interface are
dominated by interfacial modes, which contribute more than 50%
to the total thermal conductance in a model Si/Ge system.

IV. SUMMARY AND OUTLOOK

In this work, we built four semicrystalline PE models with dif-
ferent crystallinities and chain topologies and analyzed their
thermal transport properties with and without strains. We show
that it is the interlamellar chain topologies that determine the
dependence of thermal conductivity on strains. As expected, bridge
chains that connect the two crystalline stems are the major contrib-
utor to the thermal transport in the amorphous region of semicrys-
talline PEs with strains. But if loop or tail chains can attach to the
opposite side of the crystalline stem, they will function as if they
were bridge chains, even if this connection is not via covalent
bonds. Contrary to many previous models, the effective thermal
conductivity in the interlamellar region of drawn semicrystalline
PE is not the same as the bulk amorphous counterpart, with and
without strains. By analyzing the thermal resistances at the inter-
lamellar region of models with strains, we find that the thermal
resistance of the interphase region and the interface between the
interphase region and the amorphous region could be dominant
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resistances, compared to the thermal resistance at the amorphous
region (even with longitudinal voids), which was usually assumed
to be the source of the largest resistance. We conducted the fre-
quency domain analysis to obtain the heat flux spectrum across the
crystalline-amorphous interphase region and found that the vibra-
tional modes at intermediate and high frequencies can contribute
more than these at relatively low frequencies to the total heat flux
because of the complex interlamellar chain topologies. A mode-
level vibrational analysis in the future will enable a more detailed
explanation of this observation. In addition, a larger simulation
domain and a much slower strain rate would potentially lead to a
more diverse interlamellar chain topology and a more comprehen-
sive structure—property relationship. Our work provides fundamen-
tal understandings of thermal transport in semicrystalline polymers
with strains, which could assist the development of plastic heat
sinks and thermal management in flexible electronics.
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