CHAPTER 13
THERMAL TRANSPORT IN POLYMERS
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An introduction to polymers and their thermal conductivity is provided, with particular
attention paid to recent work that has highlighted the potential to make high thermal
conductivity polymers. The thermal conductivity of amorphous polymers is generally low, on
the order of 0.1-1.0 W m K—!; however, polymers can be inexpensive to manufacture and
they are corrosion resistant and lightweight, which makes them attractive for heat transfer
applications. To realize their potential, higher thermal conductivity and higher strength
is needed, which can be achieved to some extent by adding fillers to a polymer matrix. A
review of the strategies employed to raise the thermal conductivity of polymers is provided
along with an introductory review of the physics that intrinsically allows individual polymer
molecules to serve as good heat conductors.
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1. INTRODUCTION TO POLYMERS

Polymers are materials composed of long molecular chains, in which each chain consists
of repeated structural units called monomers. The chemical process of linking monomers
together to form chains is termed polymerization, and although there are but a handful
of industrially dominant monomers [e.g., ethylene, propylene, vinyl chloride, styrene, etc.
(see Fig. 1)], there are thousands of polymers found throughout rtatufer example,
the human body contains many natural polymers such as proteins and nucleic acids, while
the structure of plants is primarily comprised of cellulose, the most common organic com-
pound on earth. Polymers can be as short as just a few monomers or as long as tens of thou-
sands of monomers. For example, during synthetic polymerization of ultra-high molecular
weight polyethylene (UHMWPE), chains containind.000 monomers can be forméd.
The average chain length is usually denoted by the average weight of each macro-molecule,
termed molecular weight (MW), which can affect the material properties such as the mod-
ulus and thermal conductivity.

There are three typical definitiohs for a polymer’'s MW; namely
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NOMENCLATURE

a lattice constant Op Debye temperature (K)
C specific heat (J m* K1)« thermal conductivity (W m! K1)
COPr coefficient of performance «, effective thermal conductivity
E energy (J) Wm-! K1
ks Boltzmann’s constant, filler thermal conductivity

1.3806x 10-23 J/IK (Wm-1 K1)
ke Einstein coefficient Ki thermal conductivity due to normal
M molecular mass phonon processes (WTh K1)
N number of chains K thermal conductivity due to Umklapp
P thermal conductivity ratio phonon processes (Wh K1)
Q heat transfer rate (W) Km  Mmatrix thermal conductivity
tr, lifetime (s) (W m~! K1)
U part|c[e interaction energy , mean-free path (m)
W, pumping energy (J)

) A wavelength (m)
Wi manufacturing energy (J) N draw ratio
T particle separation b laxation i
X mode amplitude T relaxation ime (s)
) volume fraction

Greek Symbols @max Maximum particle packing fraction
0 angle (rad) ) sphericity

FIG. 1: Four of the most commonly produced monomers: (A) ethylen&l(® (B) propy-
lene (GHg); (C) vinyl chloride (GH5CI); (D) styrene GHs.
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the number average MW [Eq. (1)], weight average MW [Eq. (2)], and:theerage MW

[Eq. (3)]. Here,M; is the total mass of a chain withmonomers andV; is the number

of chains in the material with that mass. The number average can be predicted by poly-
merization mechanisms related to the underlying chemistry. The weight average takes into
account the weight of a chain in determining its contribution to the weight average, and
thus the more massive the chain, the more it contributes to the MW:zFHverage and

other higher-order averages can be defined by increasing the exponents in the numerator
and denominator of Eq. (3), placing greater emphasis on the most massive chains. In prac-
tice, the weight average tends to be a more useful definition because it accounts for the
contributions of different-sized chains to the overall behavior of the polymer, and therefore
correlates best with physical properties.The ratio of the weight average to the num-

ber average is termed the polydispersity index, and it is often used as an indication of
the width of the distribution. Many polymer properties—such as the glass transition tem-
perature, modulus, tensile strength, etc.—increase; however, they eventually plateau with
increasing MW. For example, individual monomers tend to have the smallest values of the
aforementioned properties, and as the number of monomers increases the properties tend
to increase sharply until a plateau is reached. However, other properties that are important
for processing, such as the viscosity and solution viscosity, exhibit a strong and continual
increase with increasing MW: 3 Consequently, there is often an optimal MW that strikes a
balance between plateauing performance and increasing energy required for procéssing.

Industrially, polymers are primarily derived from crude oil, natural gas, or other petro-
chemicalst Monomers are typically synthesized by distilling crude oil to separate its major
constituents. The constituents are typically cracked at high temperature (500€)@dd
low pressure with steam to form monomers such as ethylene, which is the most cdmmon.
From just a few base monomers, other monomers can be synthesized, or the monomers
can be directly polymerized. Most polymers can be classified as either plastics or rubbers.
Plastics are usually rigid in their applications and have elastic moduli on the order of 1-10
GPal? On the other hand, rubbers can be more flexible, some with moduli below 0.01-0.1
GPa!*2 In rubbers, polymer molecules can move and deform easily when stress is applied.
Vulcanization is the process of adding elements such as sulfur or other chemicals to form
cross-links between the polymer chains; thereby increasing rigidity. This synthetic process
allows the properties of rubbers to be tuned for a wide variety of applications ranging from
soft and flexible automobile tires or shoe soles to hard and rigid bowling balls.

Plastics can be generally divided into two categories; i.e., thermosets and thermoplas-
tics. Thermoplastics can be reversibly melted and solidified without any change in chemical
bonding. Thermoplastics typically become pliable or moldable above a certain tempera-
ture and then return to a solid state upon cooling. For example, polyethylene (PE) can be
melted, reformed, and solidified into a new shape without changing the chemical bonding.
Most thermoplastics have a high MW, and the molecular chains interact through long-
range intermolecular forces (i.e., van der Waals or Coulonmbicyhis property allows
thermoplastics to be remolded because their intermolecular bonds spontaneously reform
upon cooling. On the other hand, thermosets such as polymethyl methacrylate (PMMA)



488 ANNUAL REVIEW OF HEAT TRANSFER

or epoxies are polymers that irreversibly form chemical bonds during the curing process.
These new, typically covalent, chemical bonds cross-link the polymer chains, forming a
matrix of long chains with interlocking connections.

A major reason for the increasingly widespread usage of polymers for various applica-
tions is their light weight, specifically in the context of packaging applications, which is the
largest usage of polymers. Plastics by themselves are the third largest industry in the United
States; Fig. 2 shows that in the late 1980’s the volume production of plastics exceeded that
of steel’ This is primarily because of the usage of plastics for packaging, where they have
proved advantageous over glass or metals (i.e., aluminum) due to their lower weight and,
therefore, lower cost for transportatidrPolymers can also be slightly permeable to air,
which can be advantageous in food preservation. Another reason plastics have become
preferred in food packaging applications is that they cannot injure the consumer if they are
broken or damaged, which makes them safer to use. In other applications, such as build-
ing, construction, and automotive applications, the fact that polymers are generally highly
corrosion resistant makes them advantageous over other materials. However, one of the
most important advantages of polymers is their associated ease of manufacturing. Poly-
mers can be more cost effective than alternative materials, such as metals, which may have
comparable feedstock costs but may have higher final manufacturing costs because of the
energy required in forming them. It is in this respect that injection molding of polymers
has become a preferred method for shape molding polymers for various applications, due
to its low cost>*® Thermoplastics are thus a major part of the polymer industry. Figure 2
also shows that the four highest production polymers constit8# of the thermoplas-
tics industry? Bulk polymers are also easily machined and their mechanical properties are
usually strongly dependent on temperature at moderate temperatures (—1@);-\d0ch
enables a variety of approaches to manufactutihg.

Plastics and rubbers can be reinforced by other materials to form composites, which
allows for an even wider range of possible materials/properties. The intrinsic properties of
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FIG. 2: History of global plastics versus steel production and 2007 market share of global
thermoplastics production. (A) In 1989 the production of plastics by volume exceeded that
of steel. (B) Thermoplastics global market share, highlighting the four most common poly-
mers: polyethylene (PE), polypropylene (PP), polyvinylchloride (PVC), and polystyrene

(PS).
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the polymer host can be tuned during chemical synthesis, while fillers and additives can
also be added to further tune the properties for specific applications. For example, carbon
nanotube (CNT) polymer composites have been studied extensivélpecause of the

high thermal conductivity of individual CNTS.~25 Graphite—polymer composites have

also been investigated extensivély,>? as well as metal-polymer composités®> and
ceramic—polymer composité$-44 In most cases, the composite properties resemble that

of an effective medium in which the composite property is a weighted average of the con-
stituents. It is in this respect that multicomponent composites have an immense range of
attainable properties. As a result, polymers and composites are widely used because they
serve an enormous variety of functions, including fibers, monofilaments, textiles, rope,
film, membranes, paints, photoresist, adhesives, sealants, foams, containers, moldings, ab-
sorbents, fillers, additives, etc. The wide utilization of polymers stems, in part, from the
tunability of their properties and the inexpensive processes required to form them into de-
sired shape&2:5-

Another reason for the continual rise in polymer production is the ever increasing num-
ber of applications in which they are used. Itis in this sense that polymers have even begun
to find their way into heat transfer applications, which has prompted their inclusion in this
volume. Polymers are generally regarded as thermal insulators with low thermal conduc-
tivities on the order of 0.1-1.0 Wt K—!. However, a major undertaking of the present
chapter is to review more recent attention to developments in the synthesis of high thermal
conductivity polymers and compositée$>—+*

Although most of the tuning of the thermal conductivity of polymers has been achieved
with additives, over the last 15 years more attention has been given to the notion of ac-
tually changing the intrinsic thermal conductivity of polyméts%:48-52 This idea was
initially pioneered by C. L. Choy, starting as far back as the late 1970’5.The idea is
that, in the amorphous phase, polymers are insulators because the molecular chains are
entangled. However, when mechanically stretched, the chain alignment increases and heat
can flow more efficiently down the polymer backbone (the chain axis). This has a strong
effect on thermal conductivity and has been demonstrated by Choy'&t%#?-52 and
their coworkers’! Most recently, the thermal conductivity of ultra-drawn PE nanofibers
was measured, witk as high as 104 W m' K—!, which is higher than most elemen-
tal metals*> Such a high thermal conductivity indicates the possibility that polymers can
serve as cheap heat conducting materials, providing competition and alternatives to met-
als. Although this dramatic increase in the thermal conductivity of PE has been observed
as far back as the 1970'8;>! to our knowledge a commercial application using high ther-
mal conductivity PE has not been realized. This is likely due to the absence of a scalable
manufacturing process to make such a material straightforward to use in existing prod-
ucts or industries; thus, a major challenge in realizing this great potential lies in creating a
large-scale manufacturing process that will be attractive to existing or emerging industries.

2. HEAT TRANSFER APPLICATIONS

Polymers are attractive materials as heat exchangers for several reasons. (1) Polymers can
be less expensive and require less energy to manufacture than metals. (2) Polymers can be
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more corrosion resistant than metals. (3) Polymers are generally lightweight and can be
transported and assembled easier than other choices of materials. The drawbacks, which
have prevented widespread usage of polymer heat exchangers, include low thermal con-
ductivity, low strength, and low operating temperature. In some cases the disadvantage of
low thermal conductivity can be countered by minimizing the wall thickness of the heat
transfer surfaces so that the conductive resistance is minimized. In particular, for applica-
tions in which the convective heat transfer rate is low (i.e., to a gaseous medium at low flow
speeds), it is possible to minimize the thickness to a point where the convective resistance
dominates. In these situations, polymers can potentially be more cost effective than met-
als. However, for many large industrial applications, high thermal conductivity and high
strength is still needed. Cevallos et°alprovided an excellent review of the history and
potential future of polymer-based heat exchangers. The reader is directed to theifteview
for more details, as only a concise summary is provided herein.

As far back as 1965, DuPortwas the first to successfully design and manufacture
polymer heat exchangers, which consisted of small polytetraflouroethylene [(PTFE) also
known as Teflon] tubes that were bundled to form a rigid honeycomb structure. The in-
terest in a polymer heat exchanger stemmed from the need for heat recovery in various
corrosive chemical manufacturing environments that involved chemicals such as sulfuric
acid, nitric acid, chloride solutions, phosphatizing baths, metasilicates, etc. Heat recovery
can reduce energy consumption and ultimately the net operating cost; however, for this
benefit to be realized the frequency of heat exchanger replacement must be minimized.
Hence, from a levelized cost point of view, polymer heat exchangers can be cost effective
because of their longer life, despite their lower performance/thermal conductivity. Specif-
ically, in environments where scaling and fouling introduces additional series thermal re-
sistance, it can be possible to fabricate polymer heat exchangers with thin enough walls
such that wall resistance is negligible and the performance becomes comparable to that of
metals.

Other successful implementations of polymer heat exchangers involved heat exchange
between two gasses (i.e., air), where the convective resistance domitiatetHowever,
the major advantage polymers potentially offer is corrosion resistance in harsh/fouling
environments. Several investigations on polymer corré8idhhave identified Teflon (PTFE),
polyphenylene sulfide (PPS), polyvinylidene fluoride (PVDF), and polyetheretherketone
(PEEK) as promising candidates that exhibit excellent resistance to chemical attack. Mod-
eling studies indicate that for applications where a convective resistance dominates, poly-
mer heat exchangers can be more cost effective than meétl©One metric that can be
used to gauge the relative cost effectiveness is the heat exchanger coefficient of perfor-
mance (COP-¢0

Q

COPp = — ¢
= W W

4

whereQ is the product of the heat transfer rédeand lifetimet ; W, is the product of the
pumping power and lifetime; and’,,, is the energy expenditure required to manufacture

the heat exchanger, and therefore serves as a lower bound for the heat exchanger cost.
This metric reflects a direct comparison between the energy savings obtained by using a
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heat exchanger to the total energy input to create and operate the heat exchanger. Despite
the fact that the actual cost of mechanical work is higher than heat, this ratio provides a
gualitative measure of the value of using a heat exchanger for a given application. In one
example study of a seawater/methane heat exchanger, for use in the offshore liquefaction
of natural ga$? evaluation of the COP showed that corrosion resistant polymers can
outperform metals at low flow rates in which the impact of their lower thermal conductivity

is less severe (see Fig. 3). The competitiveness of polymers from this viewpoint stems from
their lower energy requirements during manufactifg,, which translates into a lower

cost.

From a fundamental point of view, corrosion resistance is in many ways tied to the
strength/thermodynamic stability of a material’s chemical bonds. The stronger the bonds,
the more energetically unfavorable it is to break those bonds toward formation of other
compounds. The energy required for manufacture is also tied to the strength of the chemi-
cal bonds in a given material because the shaping of materials typically requires breaking
bonds to create new surfaces. Thus, one might expect a highly corrosion resistant mate-
rial to also have high manufacturing energy requirements. This is the case for corrosion
resistant metals such as titanium, nickel, chromium, and their alloys. On the other hand,
polymers typically involve more than one type of chemical bonding; i.e., strong covalent
intramolecular forces and much weaker intermolecular forces. The difference in bond en-
ergy can be as large as two orders of magnitvdesV for covalent bonds and0.01 eV
for van der Waals interactiorls’ As a result, polymers can have both high corrosion resis-
tance and low manufacturing energy requirements because the stiff intramolecular bonds
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FIG. 3: Coefficient of performance for a seawater/methane parallel-plate heat exchanger
made from different materials. The place width and length = 1 m; fin height = 10 mm;
fin wall thickness = 1 mm; seawater velocity = 1 m/s; number of fins on the methane side
= 100; number of fins on the water side = 5; and heat exchanger lifetime = 1 year. Work
required to manufacture: titanium = 1000 MJ/kg; aluminum = 306 MJ/kg; copper/alloy =
72 MJ/kg; highk composite = 200 MJ/kg; low composite = 190 MJ/kg; unfilled polymer

= 24 MJ/Kg.
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provide resistance to chemical attack, while the intermolecular bonds are easily broken dur-
ing manufacturing. Nonetheless, material strength becomes increasingly important if wall
thinning is used as a strategy to overcome the low thermal conductivity of polymers. For
this reason, many present day applications continue to employ metals but use a thin coated
layer of corrosion resistant polymer for protection. However, the remaining challenge is
to somehow raise the thermal conductivity of polymers. To date, that has been primarily
done with high thermal conductivity fillers, such as carbon filer¥' and, more recently,
CNTs9:10,12—-18 Thjs approach has been successful because commercially available com-
posites exhibit thermal conductivities20 W m~! K=, which is approximately two orders

of magnitude higher than the bare polymer matrix. However, a critical parameter in rais-
ing the thermal conductivity of a polymer with fillers is the cost of the filler. Since one of
the most important advantages of polymers is their low cost, it is important that if a high
thermal conductivity composite is developed, the cost remain low. This can be very chal-
lenging when considering that high filler fractions (5-50%) are typically needed to observe
a major boost in thermal conductivity:%

Another application for polymer heat exchangers is in the heat recovery of flue gasses
with corrosive condensates. Here, polymers are advantageous because of their resistance to
chemical attack, but in some cases they are permeable to one or several component species.
This can cause swelling and eventual cracking and fafftidonetheless, there are several
applications where polymers are still attractive, such as in salt water desalination evap-
orators and ocean thermal energy conversion (OTEEY, 5% and as corrosion resistant
power plant condensers to enable wastewater cooling and reduce groundwatéP lisiage.
the resistance to the formation of scales and corrosive products that can potentially provide
polymers an advantage over metals in the context of non-purified water usage. For exam-
ple, potential applications could involve the use of seawater for cooling facilities located
offshore or near an ocean.

One potentially renewable option for energy conversion is OTEC, which operates via
an indirect usage of solar energy. The OTEC concept uses the temperature difference be-
tween the surface and deep portions of the ocean to drive a heat éhéfiné€? Proto-
types used low-pressure Rankine cycles with refrigerants or ammonia as the closed-looped
working fluid. The temperature differences in the most favorable location0s-25C,
and thus OTEC cycles only achieve lewi% efficiencies?:56-69 Therefore, the low ef-
ficiency requires large surface areas to achieve appreciable power outputs, and the heat
exchanger cost and CQRare expected to be important factors in the system cost effec-
tiveness. The U.S. Department of Energy commissioned research into the development
of OTEC systems and identified high-density PE (HDPE) as the material most resistant
to corrosion and biofoulin§”-%® However, the low thermal conductivity of HDPE be-
came a limiting factor in the performance and cost effectiveness, since high heat transfer
rates can be achieved with liquids, rendering the wall conductive resistance dominant. Re-
search toward the development of OTEC systems terminated shortly after these studies but
could be of interest again if major improvements to the thermal conductivity of PE can be
achieved.

In addition to large-scale industrial applications, polymers are also used in micro-
electronics thermal management. In many of today’s computers, heat removal from the



THERMAL TRANSPORT IN POLYMERS 493

processor is critical for performance and reliability. Polydimethylsiloxane (PDMS)-based
thermal greases are typically used as thermal interface materials (TIMs) to bond the pro-
cessor to a metal heat spreader/heat &irfR. These thermosets are deposited in liquid

form and cured to form a rigid bond between the package and heat sink. By filling the sur-
face roughness of the chip, they provide good thermal contact and are preferred because
of their cost and ease of application, despite their low thermal conductigty5 W n!

K—1.73.74 More recently, the idea of using self-assembled monolayers (SAMs) of alkane
chains—which are essentially PE chains—to form a thin TIM directly on the package has
been explored® " These studies indicate that the individual chains, covalently bonded to
the semiconductor surface using a thiol group, can form high conductance TIMs, where
the conductance is likely limited by the thiol group itsélf’® Another potential applica-

tion for polymers in thermal management is in the notion of high thermal conductivity heat
spreaders. In this regard, hard plastics, which are typically used as housing and chassis ma-
terials, could serve as passive heat spreaders for internal electrical components. At present,
these materials primarily serve as mechanical support and protection for the functional
components; however, in considering the ever-increasing heat dissipation requirements for
various components such as batteries and processors, it may prove advantageous to use
the chassis/housing as a heat spreader. This can increase the effective area used for natu-
ral convective heat transfer to the surrounding air and can potentially reduce component
operation temperatures; thereby increasing lifetime and reliability.

3. AMORPHOUS POLYMER THERMAL CONDUCTIVITY

Most industrial usage of polymers involves materials with some degree of amorphous char-
acter. The extremely high aspect ratio of long polymer chains inherently accommodates
bends and curvature of the molecules with little resistance or energy penalty. With such
a low-energy barrier, configurational entropy drives polymer chains to assume curvilinear
shapes, thus forming a highly disordered and entangled amorphous solid structure, often
likened to spaghetti. The random orientation and curvature of various sections of a single
polymer chain leads to a tortuous path for the propagation of vibrational waves. Atomic
vibrational waves, which at low frequenciesi00 kHz) are termed sound waves, are typi-
cally referred to as phonons in the context of energy transport due to their quantized energy
levels27-77:78 Phonons in solids are prescribed by plane waves, which can travel linearly
through a continuous path of chemically bonded atoms. Phonons/modes of vibration in
a polymer chain can interact and exchange energy that, from the phonon (quasi-particle)
viewpoint, is described through scattering events. Considering the plane wave nature of
phonons, it is intuitive to expect that phonons would be strongly affected by the random
curvature and sequence of bends along a polymer chain axis. As a consequence, phonons
in amorphous polymers cannot propagate far; typically, less than 10 ws.such, the
thermal conductivity of amorphous polymers generally follows that of glassy/amorphous
materials, which has been well described by Kleni&nSimilar to amorphous glasses,

the random curvilinear chain axis leads to structural scattéfirrmd reduces the phonon
mean-free path to just a few monomer lengthsiere, the notion of structural scattering
implies that as phonons attempt to propagate along the chain and encounter a bend their
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propagation is obstructed, leading to a scattering event caused by the polymer structure
itself. Thus, the short and effectively constant phonon mean-free path leads to a thermal
conductivity, at moderate temperatures, that follows the volumetric specific heat.

Klemens’ approacl to describing the thermal conductivity of amorphous materials
is based on estimating the thermal conductivity contributions from momentum conserving
(normal,k;) and non-momentum conserving (Umklagp) processes. For most materials,
aside from materials with high rates of thermal expansion, phonon velocities exhibit weak
temperature dependence (assuming no phase changes), and thus the temperature depen-
dence of the thermal conductivity is mostly governed by the specific heat and relaxation
times. For example, based on expressions for the phonon mean-free paths due to normal
processes derived by Pomeranchuénd Landau and Runiér

Ca [ 1\*
a = (k) (5)
Da (1
D'a [ 1
Apr = T (ak‘)’ T>0p (7)

where the subscript denotes longitudinal mode$; denotes transverse modesis the

lattice parameter; is the wave vector® , denotes the Debye temperature; &dD, and

D’ are constants that are usually determined by fitting to experimental data. With these
expressions, Klemefsestimated the thermal conductivity using the Debye theory of spe-
cific heat. At low temperatures the integral over all phonon states reduces to

3.29AK?
ki (T) = “Srah (8)

wherekK, A, andh are constants that can be determined by fitting to experimental data. At
higher temperatures, decreases and becomes approximately constankaincreases
proportional to the specific heét(T")

< (T) = éBavC (T) ©)

where B is also a constant that can be determined from experimental data. Kiémens
estimated the mean-free path by recognizing that it should be proportional to the ratio of
the total energy density to the energy density contributed by the relative atomic motion for
a specific mode

1 om\ 2
E:ipqg <7\> v2 (10)
1, 2m\* 5.,
Erzipq0 ~ v Az (12)

wherep is the densityy, is a constant related to the magnitude of the atomic displace-
ments;A is the mode wavelength; anflz is the nearest-neighbor distance. This gives
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rise to a constant mean-free path for each mode, even though the constants differ for the
transverse and longitudinal polarizations. Using this expression, Kléfhemas able to de-

scribe the low and moderate temperature behaviors of the thermal conductivity of quartz,
shown in Fig. 4. Amorphous polymers exhibit the same behavior, where at low tempera-
tures the thermal conductivity is dominated kyand transitions to being predominantly
dictated byk; at moderate temperatures. For comparison, Fig. 4 also shows the thermal
conductivity of amorphous PMMA and polyethylene terephthalate (PET) as a function of
temperature, which is representative of the typidél) behavior observed for most amor-
phous polymer® and is well described by Klemens’ thed¥.

To our knowledge, a detailed theory describing polymer thermal conductivity through
the glass transition has not been developed. For polymers, the glass transition temperature
marks a transition from brittle behavior to a state of high viscosity, where the polymer
chains can slide past each other with much greater ease. Morikawa, Tan, and Ha%himoto
have measured the thermal diffusivity of a number of polymers through their glass transi-
tions. All of the polymers studied exhibit a discontinuity in diffusivity at the glass transition
temperature because the chains become more mobile and can slide past each other with
greater ease. This subsequently lowers the elastic modulus caused by a weakening in the
intermolecular interactions. Intuitively, one would expect that the glass transition then re-
sults in lower thermal conductivity because it becomes more difficult for vibrational energy
in one chain to couple to surrounding chains and propagate thermal energy in the direction
of decreasing temperature. Beyond the glass transition temperature, polymer melts exhibit
nearly constant thermal conductivity.The effect of pressure on polymer melts has not
been extensively explored, but would not be expected to show strong pressure dependence
because polymer melts are well described as incompressible fuids.
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FIG. 4: Thermal conductivity of quartz, amorphous polymethyl methacrylate (PMMA)
and polyethylene terephthalate (PET). Inset shows the low-temperature behavior and tran-
sition between the dominant contribution from normal and Umklapp phonon scattering.
The amorphous polymers show similar behavior to that of quartz glass.
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The thermal conductivity of polymers exhibits a dependence on the MW. Phonons are
scattered at the chain ends, which is essentially boundary scattefihg. As a
result, phonons are affected by a combination of parallel scattering processes—namely,
intramolecular scattering, intermolecular scattering, structural scattering, and boundary
scattering—the combined effect of which can be described with Mathissen’s rule as fol-
lows:™® ) )

_— - (12)
wherert; is the relaxation time due to a particular mechanism (i.e., phonon—phonon, bound-
ary, impurity scattering, etc.).

Among the first studies focusing on the MW dependence was that of Ueberreiter and
Otto-Laupenrihlen?® who measured the thermal conductivity of polystyrene (PS) above
and below the glass transition. Their restfltsmdicate that thermal conductivity increases
with MW, which is likely due to the fact that vibrational energy can propagate along a chain
more efficiently than between chains. A theoretical analysis developed by Hansen and
Ho®" suggests that thermal conductivity should increase with the square root of the MW
for low MWs and should become approximately constant for high MWSs. This theory is in
good agreement with experimenifs,®® examples of which are shown in Fig. 5. However,
Hansen and Ho's analy$fsdoes not quantitatively predict the rangeNof where the ther-
mal conductivity changes most significantly. Nonetheless, their model conceptually sug-
gests that the thermal conductivity is affected by the linear extent of the molecules, which
implies that branching should reduce the thermal conductivity for a constant MW. This is
qualitatively supported by Tomlinson, Kline, and Satfeas well as Hennig, Knappe, and
Lohe?® who measured lower conductivities for branched PE rather than for linear PE.
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FIG. 5: Thermal conductivity of PS and molten PE versus the average number of
monomers in each chaiN (proportional to the MW). The thermal conductivity increases

with the square root of the chain length at moderate chain lengths and eventually converges
to a constant value.



THERMAL TRANSPORT IN POLYMERS 497

The thermal conductivity of amorphous polymers is generally low, ranging from 0.1 to
1.0 W nT! K—1, and thus they are typically regarded as thermal insul&tets® A typi-
cal strategy employed to engineer thermally insulating materials is to introduce some form
of disorder} weak chemical bonding, anharmonicity/bond strength inhomogenéity?
imperfections’* or interface density? Past efforts utilizing these mechanisms for a vari-
ety of applications have been quite successful. On the other hand, engineering high thermal
conductivity materials appears to be more challenging, even though the basic mechanisms
are well known (i.e., increase bond stiffness, increase long-range order, or minimize the
presence of boundaries and interfaces). As previously discussed, the most promising ap-
plications for polymers require high thermal conductivity. Thus, a major thrust of past and
current research is to find ways to engineer high thermal conductivity polymer-based mate-
rials, while keeping in mind that a low-cost solution is likely to have the most commercial
value.

4. THERMAL CONDUCTIVITY OF POLYMER COMPOSITES

Most research on engineering polymer thermal conductivity has focused on the use of high
thermal conductivity fillers added to low-cost amorphous polymer matfiégg?47:63,64
With the low-cost polymer as a matrix/host material, the composite can often be formed
into shapes using the same low-cost, high-volume manufacturing techniques currently em-
ployed in industry (i.e., extrusion, injection molding, etc.), leading to a low-cost final prod-
uct with higher thermal conductivity than the original polymer. This composite approach
works because the regions occupied by the filler are much more efficient at transporting
heat than the polymer itself, leading to a composite thermal conductivity that is some form
of a weighted average of the two components’ thermal conductivities. In general, the ef-
fective composite thermal conductiviky depends on the matrix thermal conductiuity;
filler thermal conductivityk s; thermal interface resistance (TIRj, between the filler and
matrix; filler particle loading level; as well as the particle shape, size, and dispersion.
Various effective medium (weighted average) models have been developed with vary-
ing success at describing experimental d4fd. The simplest effective medium theory
(EMT) was proposed by J. C. Maxwell Garnett (MG) in 1984n the context of under-
standing the optical properties of a glass matrix containing metal spheres dispersed at low
enough concentrations such that they have no interaction. This EMT is general and can
be applied to thermal conductivity for a two-component system resulting in the following
expression for randomly dispersed sphéfes:

¢ — |2+ (-1)2¢
C L+ (-1

wheree is the volume fraction ang is the thermal conductivity ratie ¢/«,,. This model

fits well with experimental data for dilute and randomly distributed components included
in a homogeneous host medium, where the particles are isolated with no interactions. How-
ever, significant deviations from MG-EMT can occur if the filler volume fraction is high,

if the particles have a large aspect ratio, if there is a significant amount of TIR between the

(13)
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filler and matrix, or if there is any interaction between filler particles. A variety of other
models have been derived using different assumptions about the filler and its dispersion
and distribution. For example, Dori€aused variational principles to determine upger

and lowerk~ bounding effective thermal conductivities for composites with spheres

. pP+2)+(p—-1)2s
<= [ E G 4
_ K- Km
S T o)
K=k + (1 - )k (16)
= (3) an

Here, ai, is the radius of inclusion andlis the largest possible spherical shell that sur-
rounds the inclusion of random spheres. Ddfledso used the same procedure to derive
an expression for a composite of parallel circular fibers

. (p+1)+(p—-1)s
K‘Km[@+1w—@—1n]

The MG’® and Done& models were derived for two-component mixtures. Hamilton and
Crossel? also developed a model for multicomponent composite mixtures, which de-
pends on the sphericity of the filler partichs

N
$i (ni —1) - (Km — Kq)
(e eV

n D (20)
where is the sphericity, defined as the ratio of the surface area of a sphere having equal
volume to the particles and the surface area of the particles. Since a sphere has the lowest
surface-area-to-volume ratio of any shaypejaries between 0 and 1. Initially, for polymer
composites, a substantial discrepancy between EMT models and the results of experiments
was observed, particularly for polymers with CNTs as fillers. In many of these efforts, the
effective thermal conductivity of a CNT-polymer composite was well below that of the
EMT predictions because major gains were expected from the fact that CNTs have such a
high thermal conductivity. It was later determined that the TIR between the CNT and poly-
mer matrix was a dominant resistance that limited the composite performance. As a result,
efforts to lower the TIR and find pairs of polymer matrices and high thermal conductivity
fillers that intrinsically have low TIR has become a major fottr§!7 Modified EMT
models that account for the TIR between the matrix and filler have also been developed,
which correspond better with experimental ddtd&or example, Lin, Zhang, and Wohyg
developed an EMT model for a graphite nanoplatelet—epoxy composite

(18)
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wherecos 0 represents the average orientation of the graphite nanoplatelets and varies be-
tween 1 and 3 for random orientations to 1 for completely oriented. Here, the effect of TIR
is incorporated with the filler thermal conductivity and serves to reduce its effective ther-
mal conductivity within the matrix. Their stud§* showed that even though their graphite
filler had lower thermal conductivity than CNTSs, the composite thermal conductivity was
higher because of the lower TIR between the graphite and epoxy compared to the CNTs
and epoxy. This has been attributed to the smaller diameter of CNTs, which consequently
offers little area for interaction and heat transfer to/from the matriX! Determining the
intrinsic TIR between dissimilar materials/structures remains a significant challenge, but
various computational approaches are currently under develogménEigure 6 shows
how the TIR affects the composite thermal conductivity, using Lin, Zhang, and Wong's
model!°! This plot shows how important the intrinsic matrix thermal conductivity is to
the composite performance. For example, when the matrix thermal conductivity is raised
an order of magnitude from 0.1 to 1.0 WthK 1, the rate of increase with filler content
changes.

A number of other EMT models have been developed with moderate success to account
for the effects of TIR, percolation, and other variatio®8”-1°* However, despite the lack
of quantitative agreement in some cases, the models qualitatively capture the main trends.
For example, the models generally show that as the volume fraction of a high thermal
conductivity filler increases the composite thermal conductivity monotonically increases.
However, an exception to this trend would occur if the matrix initially has higher thermal
conductivity than the effective thermal conductivity of the filler once the TIR has been
incorporated. Adding TIR generally tends to decrease the degree of enhancement, and the
percolation effects between filler particles tend to increase composite thermal conductiv-
ity. Another general trend is that asthe ratio ofk¢/x,,, increases beyond 100, there is
diminishing return in the composite enhancement relative,toFor example, Nielsdi
has shown, for spherical particles with a packing fraction of 0.637, that whienn-
creased beyond 100 there is marginal gain (see Fig. 7). This is because the matrix adds



500 ANNUAL REVIEW OF HEAT TRANSFER

(5]
<

Thermal Conductivity
(W m-1 K-1)

0 1 L L L
0.0 0.1 0.2 0.3 0.4 0.5

Volume Fraction

FIG. 6: Graphite nanoplatelet—polymer composite thermal conductivity model predictions.
This calculation assumes the thermal interface resistance between the platelets and polymer
matrix is 10-% m2.K/W. As the polymer matrix thermal conductivity is increased from 0.1—
1.0to 10 W nT! K1, the effect of the high thermal conductivity filler is changed.
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FIG. 7: Theoretical prediction of the relative thermal conductivity enhancement for com-
posites k./k,,). The ratio of the filler thermal conductivityk¢) to that of the matrix,,,)
is given byp — K f/Kyy,.

series resistance to the composite, thus placing an upper limit on the composite thermal
conductivity, even in the limit of infinite. Using Nielson’s modé&p

1+ A4B¢

Ke = Kmm (27)
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A=kp—1 (28)
—1
B= ppT i (29)
1- max
b=ty (L) (30)

where A is a constant that depends on the particle shape and orientation with respect to
the direction of heat flow, which is related to the generalized Einstein coefficijgnB
accounts for the relative conductivity between the filler and matrix;\ansl a factor set
by ©max, the maximum packing fraction of the filler particles. For rigid spherical particles
kg = 2.5, which leads tA = 1.5. When plotted (see Fig. 7), Egs. (27)—(30) show that
the maximum thermal conductivity enhancement at 50% volume fraction for filler with
infinite thermal conductivity is<10. Beyond 50%, the high thermal conductivity filler
effectively becomes the host matrix, since it comprises the majority of the material. This is
an important result because it shows an intrinsic limitation of composites, even in the limit
of fillers with infinite thermal conductivity.

The thermal conductivity of polymer composites has been studied extensively, using
a range of polymers from PES! to epoxy?-11:26:28:38.44 t9 conjugated polymers such
as polyp-phenylenevinylene-co-2,5-dioctyloxy-phenylenevinylene) (PMPV/f? Filler
materials have ranged from oxides to nitrides to carbides and carbon nanostructures such
as carbon fiber, CNTs, and graphite nanoplatelets (GnP). The choice of filler and matrix
depends on the application constraints. For example, in the context of electronics ther-
mal management it is often desirable to have high thermal conductivity, while maintaining
electrically insulating characteristi¢$.For situations in which high electrical resistivity
is necessary, oxide fillers such as alumina;(@), silica (SiG,), and zinc oxide (ZnO)
have been used. Nitride fillers, such as AIN, $N,, or BN can have much higher thermal
conductivity and SiC has also been u$édBome of the aforementioned fillers that have
the lowest thermal conductivities, which are still about 1-2 orders of magnitude higher
than the amorphous polymers themselves (i.e., silica and alumina), are among the least
expensive. Considering Nielson’s conclusfdngne would expect that choosing a filler
with substantially higher thermal conductivity (i.e., 3—4 orders of magnitude higher than
K,,) May not result in much larger enhancement. Nonetheless, considerable research effort
has focused on the use of carbon-based materials, which can have thermal conductivities
>1000 W nT ! K—1 89,11,16,17.28,30 Eqr example, CNT polymer composites have received
considerable attentidrbecause the thermal conductivity of individual CNTs can-2600
W m~1 K—1,20-22,24,103 which approaches that of diamond—the highest thermal conduc-
tivity bulk material!®* Synthesis of CNTs is considerably cheaper than diamond, which
serves as motivation, but the enhancement of the matrix thermal conductivity is less than
one might expect because of the high TIR between the CNTs and matrix. This brings to
light an inherent problem with the use of fillers because engineering high thermal con-
ductivity composites can be limited more so by the TIR than the intrinsic filler thermal
conductivity.

Considering the issue of TIR between the filler and matrix for composites in which
the filler is dispersed in the host material, it remains a difficult challenge to engineer
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composites with much higher thermal conductivity thari0-20 W nt ! K—!. Although
10-20 W nt! K1 is attractive for certain applications, there is potential to replace metals
in many applications, ik, can reach 50-200 W m K—! inexpensively. An alternative
way to increase, is to consider methods to increase the intrinsic thermal conductivity of
the matrixk,,,. Using Lin, Zhang, and Wong’s mod&l! Fig. 6 shows that raising the ma-
trix thermal conductivity can have a major impact on the composite thermal conductivity.
The TIR still plays a critical role; however, Fig. 6 indicates the possibility for a regime of
much higher thermal conductivity 20 W m~! K—1, if ,,, can be increased by an order

of magnitude from 0.1to 1.0 W mt K—1,

5. THERMAL CONDUCTIVITY OF INDIVIDUAL POLYMER CHAINS

In the pursuit of high thermal conductivity polymers, most research has focused on the de-
velopment of composites. In particular, the use of carbon-based structures such as carbon
fiber, CNTs, and graphite has been studied in detail because of the fact that these fillers
can have thermal conductivities on the order of 1000 WA i —1.21,25:105 Thjs regime

of high thermal conductivity at room temperature is higher than any metals and is peculiar
to carbon-containing materials. In light of this unique quality of carbon-based structures,

it is important to consider its physical origin. For such structures the thermal conductivity

is dominated by the contribution from phonons (quantized lattice waves in crystals). The
thermal conductivity that arises from phonons is proportional to the summed product of
each mode’s specific he@t, velocity v, and relaxation time,”” 78106

K X Z Cvit (31)

Considering that the specific heat of any mode in any material is, at most, on the order of
Boltzmann’s constarttg, this relation shows that the great disparity in room-temperature
phonon conductivity for different crystals-Q—1000 W nt! K—1) is more likely due to
the variation in velocity and relaxation times for different materials. Qualitatively, it is also
evident from this relation that because thermal conductivity exhibits quadratic dependence
on velocity and only linear dependence on relaxation time, one would expect the velocity
to show a stronger influence. Additionally, phonon velocities are intrinsically related to
elastic moduli, which vary by more than an order of magnitude for different materials.
Considering that carbon—carbon bonds are among the stiffest in all of nature, leading to
the highest phonon velocities, it becomes clear why carbon-based materials exhibit the
highest thermal conductivities. The highest thermal conductivities observed in nature arise
in materials with the highest phonon group velocities, which can exceed 15,000 m/s in
carbon-based materialg’-108

Considering this as the physical origin of their high thermal conductivity, it is also inter-
esting to note that most polymers themselves contain carbon—carbon bonds, and therefore
have the potential to transmit the energy of phonons at high speeds. This intrinsic charac-
teristic of polymers that have carbon backbones, such as PE, polyacetalene (PA), polyvinyl
chloride (PVC), Teflon, etc., can potentially give rise to very high thermal conductivities
for individual chains, since phonons can propagate at high speeds. In the amorphous phase,
this potential for efficient heat conduction is hampered by the disordered arrangement of



THERMAL TRANSPORT IN POLYMERS 503

the chains. Thus, phonons are unable to propagate for a large distance in a straight unim-
peded line. Instead, when the chain curves to a different direction the phonons are effi-
ciently scattered, which results in a drastic reduction dompared to a single elongated
chain. The dominant mode of heat conduction then becomes the transmission of vibra-
tional energy between chains because that becomes the path of least thermal resistance. As
a result, the possibility of intrinsically high thermal conductivity for polymers may only
exist for elongated single molecules or arrays of aligned chéins.

Direct measurement of the thermal conductivity of individual polymer chains is challe-
nging,'%® and therefore much of the work done at the single molecule level has relied on
atomistic level modeling. Molecular dynamics (MD) simulati$h¥7-1%% and measure-
ments of aligned chaif%:51:52 and nanofiber$ all suggest that individual chains do
exhibit very high thermal conductivity. In fact, MD simulations predict that the thermal
conductivity of individual polymer chains can actually diverge in the limit of an infinitely
long chain'®":198 This phenomenon of divergent thermal conductivity is linked to the dis-
covery of non-ergodic behavior in hypothetical one-dimensional (1D) lattices with nonlin-
ear interactions, first observed by Fermi, Pasta and Ulam (FPU) in the 19%®&sgreat
body of research in nonlinear dynamics has been devoted to understanding the conditions
necessary for such anomalous behavior in the simplest possible hypothetical systems; i.e.,
toy modelst!'—132 Here, it is important to note that one dimensionality need only be as-
sociated with the periodicity of the structure because the motions of the particles can be in
three dimensions and still show divergent behavior.

It is well known that in the limit of perfectly harmonic interactions (quadratic poten-
tial — linear forces) for the particles in a 1D chain, each normal mode of vibration is
orthogonal to all others and the vibrations of the particles can be solved analytically by
a superposition of normal modes with constant amplitudes. In this limit, the modes are
non-interacting because the initial partitioning of their energy remains constant in time.
However, when some degree of nonlinearity is introduced, in many cases analytical solu-
tions become intractable and only numerical solutions can be used to determine the particle
trajectory. The most common viewpoint in understanding the behavior of such nonlinear
systems is to describe the particle trajectories as a superposition of the solutions to the
linear problem; however, instead of constant amplitudes the nonlinearity introduces time
dependence in the modal amplitudes. As such, the modes of a nonlinear system interact
and exchange energy between them, which from the phonon quasi-particle perspective is
represented as scattering events. Thus, from a thermal perspective, perfectly harmonic in-
teractions lead to infinite thermal conductivity because the modes never acatteso.

On the other hand, with nonlinear interactions the modes do interact/scatter, and assuming
the scattering events are random (uncorrelated in time) the nonlinearity should lead to an
equipartitioning of the modal energy. Equipartition of the mode energy implies that the
trajectory is ergodic, and thus nonlinear systems exhibit finite thermal conductivity. The
unexpected result from the FPU stdéyywas that they observed non-ergodic behavior for

a chain of oscillators with nonlinear interactions. The nonlinearity causes the modes to
interact, as expected, but at sufficiently long times such that the trajectory repeats itself,
which demonstrates that the modal interactions are not random but indeed correlated in
time.
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This effect appears to be a consequence of one-dimensionality in the particle period-
icity and essentially suggests that even in a chain with nonlinear interactions, divergent
thermal conductivity is possible. Here, it is important to draw the distinction between this
phenomenon, which we will term anomalous heat conduction, and the length-dependent,
yet convergent, thermal conductivity of various materials and structures. A number of MD
simulations have indicated that the thermal conductivity of CNTs, for example, increases
with their length!32—136 This length dependence arises from ballistic heat conduction for
a number of acoustic modes and is well described by expressions derived from the Boltz-
mann equation. The idea is simply that at nanometer length scales the mean-frefe path,
= o1, of some phonons is longer than the CNT length. Therefore, these phonons can prop-
agate the length of the entire CNT and only scatter at its ends. Thus, as the CNT length
is increased the phonon mean-free paths increase, leading to higher thermal conductiv-
ity. A number of studies have shown this increasing tfétid'3¢ in thermal conductivity,
which inherently suggests that the thermal conductivity may diverde-asco. However,

Mingo and Broido have shown that this is not the c&sAt sufficient lengths 10 um),

the boundary scattering at the CNT ends—which limits the thermal conductivity at smaller
length scales—is eventually overcome by phonon—phonon scattering. As a result, the ther-
mal conductivity converges to a very high, yet finite, valti@he key distinction between

this behavior and anomalous heat conducfiér®® is that for a non-ergodic chain the
thermal conductivity would not converge at any length scale. This means that an infinitely
long chain could have infinite thermal conductivity.

The relevance of this discussion with respect to polymers is based on recent MD sim-
ulation results”-1°% which showed that even a real model of a polymer chain can exhibit
anomalous heat conduction. Previously, such stiitfie$*?:137 were focused on hypothet-
ical toy models to elucidate the underlying physics. There are three prominent approaches
used to study this phenomenbi¥;namely, the mode coupling theoh¥f:14° the renormal-
ization group theory;! and the Boltzmann equatid® The focus of these approaches is
to determine how the thermal conductivity diverges with the system size. The usual pro-
cedure is to truncate the upper limit of the integration of the heat flux autocorrelation
(Q(t)-Q(t+1))inthe Green—Kubo formul&}142:143

oo

Y [w-Quriyar (32)

~ kpl?
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K

to t. = L/v. This choice is reasoned by the fact that lattice waves propagate at speed
v until they reach the chain boundaries separated bgt which point they scatter. The
boundary scattering destroys the correlation and sets the correlation decay time determined
by the chain lengtll. Each of these approaches is then aimed at calculating the longtime
asymptotic behavior of the heat flux autocorrelation function. These theories predict that
the thermal conductivity should diverge as a power lawg LP. Although the different
methods predict similar but different values forthe common thread among them is that

the divergence is attributed to the slow relaxation of long-wavelength modes.

The application of mode coupling theory was pioneered by Lepri and cowor-
kerg26:139:140 and involves projecting the particle displacements onto the normal modes
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under the harmonic approximation. The normal mode coordinates are then substituted into
the Green—Kubo formula [Eqg. (32)], and the limiting behavior for long-wavelength modes
can be applied to the original FPU model. The interaction potential in the FPU model is
given by 10-112

x? 3 x?

U:7+k3§+k4z (33)

whereU is the interaction energy; is the particle separation; ad andk, are constants

that set the strength of the third- and fourth-order anharmonicity, respectively. For the rate
of divergence, Lepri et dF%14° obtainedp = 1/3 and 1/2 fok; # 0 andks =0, k4 # O,
respectively.

Renormalization group theory was originally proposed by Narayan and Ramasw-
amy!4! Their approach considers that when the system is large, long-wavelength modes
see the chain as a continuum and thus behave as if in a fluid. By assuming that the only
conserved quantities are the total number of particles, total momentum, and energy, they
obtained three hydrodynamic equations describing the evolution of the particle density and
velocity fields. They then solved the equations and showed that the heat flux autocorrela-
tion decays slowly wittg = 1/3.14!

Peierls originally developed the theory of phonon heat conduction using the Boltzmann
equationt®® where the thermal conductivity is qualitatively given by Eq. (31). Perever-
zevi?® used this framework to study tf mode of the FPU model and showed that the
relaxation time of long-wavelength modes decayed slowlyx A%/3. Pereverzev then
obtained = 2/5,?® which was also later obtained by Lukkarinen and Spbtin.

Although each of the approaches has independently predicted/verified a similar rate of
divergence, they are all based on the same underlying explanation, which is that some of
the long-wavelength modes in a 1D chain of oscillators dissipate their energy very slowly.
Another explanation, introduced by Henry and Ch&his based on the possible inappli-
cability of the Stosszahlansatz assumption in the derivation of the Boltzmann egifation.
Here, the Stosszahlansatz assumption, originally discussed by BoltZ#iauggests that
phonon scattering events are inherently chaotic and uncorrelated. However, the detailed
analysis by Henry and Ché&t¥ shows that for the case of PE chains, the diverging thermal
conductivity seems to arise from violation of this assumption. Henry and Chen’s analysis
is similar to that of Lepri's approact¥-'4? where they used a projection of the particle
displacements onto the normal modes and then substituted the normal mode amplitudes
into the Green—Kubo expression [Eq. (325]

X (k,v,t) = Z \/?uj (t) - p* (k,v) - exp (ikrg) (34)

whereX is the mode amplitude, identified by its wave vedt@nd frequency. The mode
amplitude X, can then be used to track the mode total endriggnd the deviation from
average energyFE, which contains information about the phonon—phonon interactions and
is directly proportional to the temporally varying phonon occupation number

1 1. .
E(Kv,t) = -w?X - X*+-X X" (35)
2 2



506 ANNUAL REVIEW OF HEAT TRANSFER

E (k,v,t) = E(k,v,t) — (E (K,v,t)) (36)
OF (k,v,t) = hv - dn (k,v,t) (37)

This then allows us to write the time-dependent heat flux in the sy§lesms a sum of
contributions from individual modes

Q(t Zhv v-on(K,v,t) (38)

k,v

wherev represents the phonon group velocity. This expression for the heat flux can then be
substituted into the Green—Kubo formula to determine the individual mode contributions
to thermal conductivity

- / Q(t+1)) dt (39)
0

z Z — (k, k',
G - o0 / (dn (k,v,t) - dn (K, v/, t + 1)) at (40)
k,v k’,v’ \/ on? k v, t <6n2 (k/,’l)/,t)>

In this final expression;’ is the mode’s specific heat, and the individual mode contribu-
tions not only include autocorrelations, but also include cross-correlations between dif-
ferent modes. Henry and Chen’s approd€iwas able to reveal the extent to which each
correlation contributed to the Green—Kubo thermal conductivity integral [Eq. (32)]. Au-
tocorrelationsk = k’ andv = ¢’ indicated that long-wavelength modes do decay slowly,
which is in agreement with previous theories. However, the cross-correlations indicated
that scattering events between longitudinal modes remain correlated in time and are the
primary cause of the divergent thermal conductivity. Of major significance was the fact
that the autocorrelations showed long time correlation in all simulations, while the cross-
correlations only showed long time correlations in the simulations where the thermal con-
ductivity diverged and showed convergent behavior for convergent simulations. The phys-
ical interpretation of these results is simply that divergence in this system is not caused
by the long time decay of long-wavelength modes, which implies the lack of phonon—
phonon scattering for those modes. Instead, Henry and Chen’s results suggest that the
divergence is due to correlated/synchronous scattering between select modes in the mid-
dle of the Brillouin zone. This explanation offers a different perspective on the issue of
anomalous heat conduction, where the divergence can be explained by persistent correla-
tion in the scattering events themselves, rather than the lack of scattering events altogether
(ballistic transport}%®

The prospect of potentially divergent thermal conductivity in polymers opens up inter-
esting possibilities for raising the intrinsic thermal conductivity of polymer-based materi-
als. Experiments on individual chains are needed to verify whether the phenomenon per-
sists in reality or is merely a phenomenon that arises in models. Itis also important to study
the extent to which this effect can persistin a polymer chain, when it is surrounded by other
polymer chains. Studies on groups of PE chains indicate that for PE, the presence of other
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chains provides a sufficiently large perturbation that can prevent the correlated scattering
events from persisting. For example, Henry and Chen showed that the thermal conductiv-
ity of PE chains decreases with increasing dimensionality [(i.e., 1D—two-dimensional (2D)
and 2D-three-dimensional (3D) transition$].Liu and Yang have shown that many other
polymers may also exhibit high thermal conductiityLiu and Yang's work has shown

that simple monomers, in which the chain axis consists of atoms with homogeneous mass
and bond strengths, exhibit the highest thermal conductivitidheir results also suggest

that polyphenylene, polybenzimid (PB), and PA can have higher thermal conductivity than
PE, due to their stiffer chain backbone and therefore higher phonon veldéitisvever,

more simulations are needed to determine if there are other systems or situations in which
the correlation can persist and the thermal conductivity diverges in the limit of an infinitely
long chain. Ultimately, the study of single chains provides an upper bound for the perfor-
mance of groups of interacting molecules because structures involving many chains are
presently the most technologically relevant.

It is also important to note that MD simulatiori$ of polymers, in general, involve
a number of considerations that differ from simulations of other materials. For example,
many polymers contain at least one hydrogen atom in the monomer units. Explicit sim-
ulation of the motion of hydrogen atoms can have minimal impact on certain properties,
such as the glass transition temperature, thermal expansion, or other structural/mechanical
properties. Hydrogen atoms are also smaller than all the other elements, which means that
their vibrational frequencies are the highest due to their low mass—thus necessitating small
sub-femtosecond time steps. Smaller time steps are undesirable because they increase the
computational expense required for the same total length of the trajectory. Given these two
considerations, it is often a reasonable and computationally advantageous simplification to
employ a united-atom approximation. In a united-atom approximation, hydrogen atoms or
other degrees of freedom that are unlikely to have an impact on the properties of interest
are grouped together with the atoms to which they are bonded in order to form a single
rigid degree of freedom. The trajectory of the system of united-atom rigid bodies is then
treated with an effective potential. In some cases, this may involve modeling the entire
monomer as a single degree of freedtihor portions of the monomer can be treated as a
united atom.

Using a united-atom approach can significantly reduce computational time by enabling
the use of a larger MD time step for the trajectory. However, for calculations of thermal
transport properties, united-atom-based approaches can become problé&hiatic ex-
ample, Henry and Chen showed that for MD simulations of PE, including hydrogen atoms
as individual degrees of freedom is important to accurately describe the energy carried by
certain modes as well as their various interactions. Their Wddhowed that at room tem-
perature, the specific heat of PE, as determined by ab initio calculations and the AIREBO
potential, is approximately one-third the value predicted by a united-atom approximation
via the model introduced by Kirkwodd Henry and Chelt® also showed that the motion
of hydrogen atoms can alter the anharmonicity of the interaction between carbon atoms and
that this manifests in significant interactions between low-frequency acoustic phonons and
the high-frequency optical phonons that involve the relative motions of hydrogen atoms. As
a result, caution should be used in employing united-atom approximations in simulations
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of polymer thermal transport properties, such as specific heat, thermal conductivity, or in-
terface resistance.

Another important consideration is that polymers oftentimes involve nearest-neighbo-
ring interactions between multiple atomic species. There are a number of potentials avail-
able that can treat the species typically found in most polymers, such as REAXFF,
AMBER,!%° and CHARMM!5! Reactive potentials, such as REAXFF and AIREBO
involve greater complexity, but offer more realistic depictions of anharmonicity, while sim-
pler potentials such as AMBER and CHARMM are likely to involve less computational
time; however, much of the anharmonicity is derived from harmonic terms in the bond an-
gles. Nonetheless, a number of authors have investigated the thermal transport properties
of polymers using these potentials; the accuracy of which can be checked through com-
parison of the thermal conductivity of the amorphous state with experiments. Here, it is
important to note that aligned polymers are generally highly anisotropic in nature. Very
often, long super-cells with many tens of unit cells along the chain axis are needed for
converged results, while for most 3D materials the thermal transport properties converge
within less than 10 unit cells in a given direction. Large numbers of unit cells are not nec-
essarily required in the directions perpendicular to the chain axis; however, care should
be exercised and convergence, with respect to the number of unit cells, should be checked
when studying new systems?

6. THERMAL CONDUCTIVITY OF CRYSTALLINE AND ALIGNED
POLYMERS

Most thermal conductivity measurements for crystalline polymers are actually semi-crysta-
lline systems?-33:8% in which there are crystalline and amorphous regions. The degreef/fra-
ction of crystallinity of the composite system then denotes the relative volumes of these two
regions. As such, the composite system thermal conductivity can be described by a modi-
fied MG-EMT*™ which takes into account the large degree of anisotropy in a polymer
crystal lattice. In a polymer crystal, the polymer chains are packed more densely than in
the amorphous phase. In the crystalline phase a single polymer chain traverses one end of
the crystal to another and turns around at each edge [see Figl-8(m)]ja region of the
polymer where the chains are highly aligned, an entire polymer chain is extended within
the length of the region and an array of chains share a common axial orientation, but do not
necessarily share common beginning and termination points [see Fig!8(lm)poth the
crystalline and aligned polymer regions, there are regions where long sections of individual
chains are elongated. In these regions polymer chains can serve as efficient heat conduc-
tors along the chain axis due to the stiff covalent bonding. However, in both crystalline
and aligned polymer regions individual chains interact with each other through van der
Waals forces. This means that real systems consist of arrays of interacting chains, which is
a significant departure from the behavior of a single chain.

The experimental data for semi-crystalline polymer systems provides an estimate for
the thermal conductivity of the crystalline regions, which is at least an order of magnitude
larger in the chain axis directior); than in perpendiculak .”® As these systems are
stretched, a greater degree of chain alignment is achieved and the thermal conductivity
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FIG. 8: Illustration of a polymer crystal and aligned polymer. (A) Polymer crystals con-
sist of an array of stacked chains each of which is coiled, forming a #D lattice structure
(individual molecules are shown with different colors). (B) Aligned polymers consist of an
array of chains that are straightened with a high degree of axial alignment.

increases along the stretching direction and decreases in the perpendicular directions. The
decrease in the perpendicular directions can be rationalized by the fact that the amorphous
phase is essentially an isotropic mixture of a reduced conductance along the curved/disor-
dered chain backbone and the conductance between chains. In the crystalline polymer the
thermal conductivity in the perpendicular direction is only due to conductance between
chains, which is slightly lower than the conductance along the curvilinear chain axis.

The thermal conductivity of semi-crystalline and aligned semi-crystalline polymers has
been measured by Choy, Chen, and Luk for six different polyriferstheir work the ther-
mal conductivity is modeled with an EMT approathwhere the MG model is modified to
account for anisotropic crystalline regions that are dispersed within the amorphous poly-
mer host. Different degrees of alignment were investigated, by mechanically stretching to
different draw ratios (DRS)pr = L¢/L¢, whereL; and L are the initial and final sam-
ple lengths, respectively. Their wotR,showed that a higher DR leads to increased chain
alignment and higher thermal conductivity parallel to the stretch direction. In the perpen-
dicular direction, the thermal conductivity decreases because fewer of the chain axes are
oriented in those directions. For the amorphous regions, a portion of the heat conduction
occurs along the curvilinear chain backbones, and the remainder is transferred between
chains through the intermolecular forces. Therefore, as the chain alignment increases, the
component of heat conduction in the lateral directions due to vibrations along the chain
axes decreases. In the limit of perfect alignment, the only remaining mechanisms for heat
conduction in the perpendicular directions are the intermolecular forces. Figure 9 shows
the measurements for the sampfewith the highest stretch ratios for each material. In
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FIG. 9: Thermal conductivity of stretched polymers. The legends indicate whether the
thermal conductivity measurement was parallel or perpendicular to the stretching direc-
tion for the following six polymers: polyoxymethylene (POM), r = 13; polypropylene
(PP),Apr = 17; polyethylene terephthalate (PEK)y g = 5; polyethylene (PEApgr =

4.2; polychlorotrifluoroethyethylene (PCTFR)p r = 4; polyvinylidene fluoride (PVDF),

Apr =4 (closed symbols correspond to unstretched samples; open symbols correspond to
stretched samples).

general, the behavior with respect to temperature is a blend between that of an amorphous
material and that of a crystalline material. Both amorphous and crystalline materials exhibit
increasing thermal conductivity at low temperatures, which is limited by the specific heat.
Amorphous materials have an essentially constant phonon mean-free path and, therefore,
exhibit almost constant thermal conductivity up to the glass transition temperature. Typ-
ical crystalline materials reach a maximum thermal conductivity, usually bounded by the
microstructure where phonon boundary scattering limits the thermal conductivity. Above
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the boundary scattering limited peak, the thermal conductivity decreases with increasing
temperature as the anharmonicity increases and lowers the mean-free path due to intrinsic
phonon—phonon scattering. Choy, Chen, and Luk’s measurements of semi-crystalline sam-
ples show an increasing thermal conductivity at low temperatures and almost canstant
moderate temperatures with a slight decrease at higher temperatures that depends on the
degree of crystallinity?

To our knowledge, the thermal conductivity of a single polymer crystal or a single
region where the chains are highly aligned has never been measured. There are several
simulations reported in the literatut@!46-153 however, the closest measurement to this
situation is likely that of Shen et & who measured the thermal conductivity of individ-
ual ultra-drawn PE nanofibers. Transmission electron microscopy diffraction patterns of
these fibers indicated a high degree of alignment, suggesting that the degree of amorphous
character is small. However, each highly aligned region is likely connected by slightly
amorphous interconnects and arrays of bridging chains. Nonetheless, these fibers exhibited
the highest thermal conductivity ever measured for any polymadditional experiments
are needed to probe the thermal conductivity of individual polymer crystals and individual
regions of aligned chains. It may be possible that the thermal conductivity in these regions
is substantially higher than what was measured for the individual nanofibers.

7. SUMMARY

Over the last 50 years the usage of polymers has grown tremendously. Polymers can be in-
expensive to manufacture, corrosion resistant, and lightweight, all of which are properties
that make them attractive for heat transfer applications. Fundamentally, the phonon ther-
mal conductivity of amorphous polymers is limited400.1-1.0 W nt* K—!. However,

the addition of high thermal conductivity fillers can increase this by approximately 1-2 or-
ders of magnitude. For polymers to compete with other alternatives such as metals, another
order of magnitude increase is needed. This could potentially be achieved through align-
ment of the polymer chains such that each chain becomes a more efficient heat conductor.
Mechanical stretching is a potential processing step that can enable higher thermal conduc-
tivity; however, an inexpensive high-volume manufacturing process that also results in a
material amenable to forming a heat exchanger, heat spreader, or heat sink is still lacking.
Itis also unclear how much thermal conductivity enhancement can be expected by stretch-
ing of polymers other than PE. Simulations indicate that PA, PB, and polypropylene (PP)
could exhibit even higher thermal conductivity than PE, with the added benefits of better
mechanical properties. With these insights, it will become important to establish enough
modeling and experimental results that will allow rational identification or even design of
high thermal conductivity polymer molecules. With such advances, inexpensive high ther-
mal conductivity polymer-based materials may enable new functionalities or entirely new
applications.
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