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Polymers are usually known for their low thermal conductivity. However, the demand in indus-
tries for polymers with high thermal conductivity has increasingly grown due to their low density,
low cost, flexibility, and good environmental resistance compared with conventional substances of
high thermal conductivity. Composites filled with high thermal conductivity nanofillers will increase
thermal conductivity (k); however, it has been clearly observed that the mechanical properties will
deteriorate along with this process. Instead, increasing the intrinsic thermal conductivity of poly-
mers themselves is more important. This review focuses on the mechanism of increasing k from
the perspectives of polymer intrinsic structure tailoring: crystallinity, orientation of the crystallites,
crystalline grain size, and alignment of the molecular chain in the amorphous region. Structure
tailoring methods of increasing/improving these four factors are critically reviewed and discussed.
Accurate thermal characterization methods are critically reviewed for these structure-tailored poly-
mers in low dimensions. The transient electro-thermal and pulsed laser-assisted thermal relaxation
2 techniques provide some of the best and most accurate thermal conductivity measurements with
high physics control.

KEY WORDS: structure tailoring, thermal characterization, polymers, thermal conduc-
tivity

1. INTRODUCTION
1.1 High Demand for Polymers with High-Thermal Conductivities

Polymers are preferable in current industrial applicatidae to their low cost, flexibility, good
environmental resistance, etc.; however, most of themegi@rded as thermal isolation materials
because their low thermal conductivity)(is usually lower than 0.5 W/(fK) (Han and Fina,
2011). For example, among the major industrial polymersse, @crylic glass [poly(methyl
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methacrylate)], an alternative optical material, h&svalue of~ 0.2 W/(mK). Other polymers
also have lowk values. For example, the value for nylon and polyvinyl chloride, a flame
retardant material, is 0.25 W/(K). The k value for polyethylene (PE), a polymer frequently
used in food industry, is 0.3-0.5 W/(K), and thek value for polypropylene (PP) is 0.17—
0.22 W/(mK) (Engineering ToolBox, 2011). The low thermal condudiiof polymers is partly
due to the low crystallinity of their internal physical stture. The typical crystallinity of regular
bulk polymer is in the range of 10%—80%.

However, polymers with high thermal conductivity are cathgin high demand in indus-
tries in the field of electronic packaging in microelectrammanical systems, especially with the
miniaturization of electronic devices (Zweben, 2005). Tigh-power density of devices gen-
erates a large amount of heat on a small scale and demandgcéanehigh heat dissipation
rate. Meanwhile, good electric isolation is needed to na@ingood performance of devices.
Thus, high thermal conductivity polymers are potentialdidates instead of metallic materials
for good thermal management purposes in miniaturized dsvla addition, the highlighted fea-
tures of low mass density and high corrosion resistancelgfipers can offer better performance
than conventional metallic materials if their thermal coaiivity meets the desired level. Take
heat exchangers as an example (Chen et al., 2016c¢; T'Joén22@0): although metallic ma-
terials are preferable in heat dissipations, their largesw@ad electrical conduction sometimes
may not fit the situation. In the field of thermal protectiom@@n and Batcheller, 2016), thermal
protection on the human body has contradictory requiresnehheat isolation and dissipation
under ergonomics and physiological considerations. Thiemadused should block high tem-
peratures outside a protective suit but also be capablerafumting heat and humidity away
from the human body. Also, a protective suit is expected t@haw mass. In this case, an easily
fabricated polymer with controllable high thermal conditt is a good candidate for thermal
protection. Thus, enhancement in the thermal conductafitgolymers is urgently needed in
these fields (Guo, 2019).

1.2 Thermal Conductivity Enhancement in Polymer-Based Composites

In the past, researchers have made great efforts to inctkagevalue of polymers through
composition, such as embedding/dispersing hidhiers in a polymer base, including metallic
particles (Chen et al., 2016b; Danes et al., 2003), ceraariicfes (Kim et al., 2014; Kusunose
et al., 2013; Sim et al., 2005; Zhou et al., 2009a,b), cartzorotubes (Winey et al., 2007; Yu
et al., 2016), and graphene (Diaz and Guo, 2019; Lin et all528ong et al., 2013). Chen
et al. (2016) added single-crystalline copper nanowirdsgii-aspect ratio into epoxy resin to
realize a thermal conductivity of 2.59 W/{K), which was eightfold higher than that of plain
epoxy resin. To utilize the high thermal conductivity of aenic particles, Kim et al. (2014)
embedded boron nitride powder fillers into an epoxy-tertedalimethylsiloxane matrix. The
surface of the boron nitride particles was hydroxyl-fuontilized and doped with surface cur-
ing agents such that the ceramic particles could be chemiloahded with the epoxy resin. In
this composite, the thermal conductivity was enhanced ui®%. After their discovery, carbon
nanomaterials became preferable since they exhibit theatés physical properties of low den-
sity and ultrahigh thermal conductivity. Biercuk et al. (2) prepared a single-walled carbon
nanotube/epoxy composite with 1 wt% of unpurified carbonotidive load and found a 125%
increase in the thermal conductivity at room temperatuogigset al. (2013) bonded graphene
flakes to 1-pyrenebutyric acid throughn stacking and added this nanocomposite into epoxy
resin in order to increase the overall thermal conductigityhe resin to 1.53 W/(rRK). The
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mechanisms of controllable enhancement of thermal coivitydgh polymer-based composites,
including filler loads, the morphology of fillers, and thedrface between fillers and bases, ei-
ther with or without the inter-filler networks, have been aliddiscussed and are summarized in
some comprehensive review works (Chen et al., 2016a; Huaalg 2018).

Adding high+ fillers has been widely proved to be an efficient way to cordral optimize
the thermal conductivity of composite systems over purgmel systems. However, as found
in the literature, for most of the crystalline or semi-caflhe polymers, increasing the quantity
of fillers will decrease their overall mechanical perforraifordan et al., 2005). Furthermore,
when the one-dimensional size of polymers changes fromasaale to micro/nanoscale, the
fillers will largely decrease the strength in the mechartieddavior of polymers. Therefore, this
significantly limits the application of fillers on a smallede level. A more workable approach
is to improve thek value of polymers by tailoring their microscopic structimetead of using
fillers. This review focuses on the physics and techniques us significantly improve thé
value of polymers by tailoring their microscopic structur&he physics principles of structure
tailoring are discussed in Section 2, and based on theseigga the commonly used meth-
ods for structure tailoring and structure characteriratice summarized in Section 3. Section
4 presents the advanced and efficient technologies usedasumgethe thermal properties of
enhanced polymers, especially in relation to thin fibersfam$ at the micro/nanoscale.

2. PHYSICS UNDER STRUCTURE TAILORING FOR THERMAL CONDUCTIVITY
ENHANCEMENT

When there is no embedded second material inside, the theomductivity (:) of polymers is
significantly determined by its crystallinity, the crystahin (crystallite) size, grain (crystallite)
alignment/orientation, and amorphous regions connettiegrystallites, as well as the molec-
ular chain length. Theoretical work on thevalue of polymers based on molecular dynamics
(MD) simulation, or other methods using a single moleculaie, usually cannot consider all
of these structural effects. As a result, the repoftedlue sometimes even becomes divergent.
Using the Green—Kubo approach and a modal decompositiomatietHHenry and Chen (2008)
reported ak value of ~ 350 W/(mK) for PE. For PE polymer chains, a subsequent study by
Liu and Yang (2012) pointed out that if there is no defect implolymer chains, thk value will
continue to increase with the polymer length when phonombaty scattering is lacking. In that
work, it was reported that the anomalous heat diffusion/andlue increase with the polymer
chain length {o) ask = CL§, whereC is 19.58,a = 0.382, andLy is in nanometers. Such
anomalous heat diffusion was also found for other diffepaymer chains, as shown in Fig. 1.
This has been extensively studied and confirmed, and is teememalous heat diffusion (Li
and Wang, 2003). Therefore, great caution should be exeraisreporting the intrinsic thermal
conductivity of single polymer chains using MD simulatiamsen no defect is present. The non-
perfect structure of real polymer chains will significantiyduce the: value. For instance, using
MD simulation, Liu's group discovered that kinks in PE malkr chains could significantly
reduce thek value (see Duan et al., 2019). For each kink in the PE chaimeremal resistance
of ~ 3.7 x 10°1° (m?.K)/W arises. Therefore, the existence of kinks and theiisitgrtan sig-
nificantly affect the overall thermal conductivity of the BEain. Despite some limitations in
the theoretical studies, they still provide great insigitb ithe mechanism of heat conduction in
polymers, which could help in the understanding of expenit@leobservations. Some caution
needs to be taken when using theoretical predictions tagirdmt upper limit of thek value of
polymer chains.
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FIG. 1: Variation of the thermal conductivity of a single molecutdrain versus the chain length for five
polymers [reprinted with permission from Liu and Yang (2D1@ American Physical Society]

As will be discussed in detail in Section 4.3 in the structamalysis based on phonon scat-
tering using the thermal reffusivity theory, phonon saattg will include the phonon—phonon
scattering (Umklapp scattering) and phonon—defect saadtdt is natural to reduce the defect
scattering as much as possible in order to improve the tHeromaluctivity. However, when in-
creasing the thermal conductivity, the crystalline graieiatation and amorphous region align-
ment should also be considered. To improvekh&lue of polymers, four fundamental physics
principles are usually taken into account. The first one iefarove the crystallinity level of the
material since the crystalline structure hag @alue much higher than that of the amorphous
region. At room temperature, PE of 81% crystallinity wasore@d to have & value 70% higher
than that of 43% crystalline PE (Choy, 1977). If a polymer&agh anisotropic structure (which
in most cases is true), the polymer chain direction will havauch highek value compared
to other directions. When talking about increases in theevaf k, herek refers to the polymer
chain direction. Suck improvement can be significant when the crystallinity isé@ased from
a very low level. However, when the crystallinity level rbas a high level, e.g., 90%, a further
increase in crystallinity becomes more difficult and theresponding increase in thevalue
becomes very marginal. In polymers, amorphous regionsllysiave a thermal conductivity
(k,) several fold or orders of magnitude lower than that of thestalline part &, along the
chain direction). Even a small portion of an amorphous megiche material will significantly
reduce the overall thermal conductivity. For instance, xneene case would be an amorphous
region connected to the crystalline part in series in thgmpel chain direction. I, = 0.01%,,
even when the amorphous region takes 10% volume, the ovevalue will only be 0092%...
This clearly illustrates the limitation of increasing thevalue by increasing the crystallinity.
If the amorphous region is connected to the crystalline ipgptarallel, the overalk value will
be 0.90%.. In real situations, both parallel and serial connectiam®&xist (Zhu et al., 2017).
Thus, if a strategy is taken to increase the crystallinitaelén order to improve the value d@f,
it is best to reduce the amorphous region portion serialhyneated to the polymer chains. This
serial- and parallel-connected structure analysis colslol grovide a quick theoretical estimate
to check the validity of some of the claimed hyper-thermailductivity of various materials not
only limited to polymers.
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Second, the orientation of the crystalline grains playstaar role in determining the over-
all k£ value since crystal has a strong anisotropic nature of tAkconductivity. Aligning the
high-% direction of nanograins along the same direction is cliticachieving a very high ef-
fectivek value. This has been widely recognized when increasing ttadue of low4 materials
by dispersing some high-particles, flakes, and rods. It is not only thevalue of the mate-
rial, but also the microscopic orientation that determithesoverall thermal conductivity. In the
work by Wang et al. (1999) on thee value of nanofluids, it was pointed out that nanoparticle
chains/clusters will help improve the thermal conduggif nanofluids more than nanofluids
that have just simply dispersed nanoparticles. Subselgu#ns mechanism was observed and
proven in the work by Gao et al. (2009). Therefore, for polysné the stretching/drawing can-
not simply increase the crystallinity, but makes the citjista more aligned along the drawing
direction, the finak value will be significantly improved. Here, a simplified mbdetaken to
demonstrate this alignment effect. For a polymer that hasvectystallinity level () of 10%,
in which the crystalline grains are randomly distributedhivi the material, the overall thermal
conductivity () can be estimated using Maxwell's equation as follows:

3(a—1)¢

S R PR F T

1)

wherek, is the thermal conductivity in the amorphous region= k./k,), andk. is the effec-
tive thermal conductivity of the crystalline grains (cadesiing the anisotropic structure). If we
havex = 10, thenk will equal 1.24,. However, if the crystalline grains are aligned along the
heat transfer direction, and the polymer chain directiothefgrains is also aligned along the
heat transfer direction, the situation will change very muiche polymer chain direction thermal
conductivity ¢.») usually is much higher thay,. Here, we také:., = 20k,. Under such aligned
situations, the thermal conductivity of the polymer willbe= ¢k + (1 — b))k, = 2.9k,. This
strongly demonstrates the importance of crystalline daigon in the overall thermal conductiv-
ity.

Third, even for the crystalline part, the grain/crystallgize could significantly affect the
value ofk. This is due to the fact that if the grain has a small size (a.few nanometers), the
phonon mean-free path (MFP) (along the chain directionl) lvél significantly limited by the
grain size and boundary scattering, thereby significamtiucing the thermal conductivity of
the grain. Such a size effect, by the first order, can be espdead ! = 10_1 + l;l, wherel
is the phonon MFP in the crystalline graip,is the intrinsic MFP of the phonons, anglis the
characteristic length of the grain. It should be noted tbaafnanograin of a polymer, the grain
size in both the directions parallel and normal to the polyofain will affect thek value in
the chain direction (Zhang et al., 2011; Zhong et al., 2084}.polymers, the atomic bonding
between atoms along the chain direction (intra-chain) iglemt, and could transfer energy
very fast from atom to atom. The interaction between changa the Van der Waals force,
and is usually much weaker. Therefore, it is expected theagthin size in the direction normal
to the polymer chain direction will have a much weaker effattthe thermal conductivity in
the chain direction. Under the situation neglecting therichain grain size effect, the effective
thermal conductivity ke) is related to the grain size f in the chain direction a&e/k. =
[1+ P-(I/L)]~%, wherek, is the thermal conductivity of defect-free infinitely largelymer
crystal, and is the intrinsic MFP (Zhang et al., 2011). Her,is the correlation related to the
boundary conditions of the crystallite. Figure 2, in redatto the effect of size, illustrates how
the thermal conductivity changes with the length for a gesgghnanoribbon of 1.99 nm width
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FIG. 2: Thermal diffusivity (x) and thermal conductivityk( variations against the graphene nanoribbon
length [reprinted with permission from Zhang et al. (201 American Physical Society]

(Zhang et al., 2011). Such a strong size effect exists asderige grain size (width and length)
is comparable to or smaller than the MFP in polymer crystaltirains.

The fourth principle is to align the amorphous polymer regiespecially the region con-
nected in series with the crystalline part. This is différBom the first principle previously
discussed, which focuses only on increasing the crysitgllievel. Since there are always amor-
phous regions in a polymer material (i.e., the material oatwe 100% crystalline), the amor-
phous region connected to crystallites in series in themelychain direction plays a critical
role in limiting the heat conduction capability. This efféas been studied in detail by Zhu et al.
(2017), as shown in Fig. 3. Since the polymer chains have-ttain covalent and inter-chain
Van der Waals bonds, the inter-chain thermal conductanealyss very small, and the thermal
conductance along the chain is much higher. Therefore Mi¢lig favorable to align the amor-
phous region among the crystallites in order to signifigaimtrease the overall value. In the
aforementioned theoretical work on th@alue of PE, only a single molecular chain was studied.
Therefore, this prediction can also be applied to the anmuplehain’s; value. If an amorphous
chain is not straight, then the heat conduction along it galthrough a relatively much longer
path, making the effectivé value much lower. Such physics can also be used to explain the
very low thermal conductivity/diffusivity of carbon nandte bundles (Xie et al., 2018a) and
graphene foams (Lin et al., 2013). As previously mentiotieelamorphous region connected in
series with the crystallites in the polymer chain directidays a critical role in determining the
overall thermal conductivity. Therefore, aligning the aptwous chain in this region makes the
most sense toward increasing the thermal conductivity.eSaarks that have reported signifi-
cantly increased values of polymers upon drawing/stretching clearly confinie amorphous
alignment mechanism (Choy et al., 1997, 1999).
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FIG. 3: Schematic illustration of the amorphous region alignméfeice on the thermal conductivity of
PE fiber: (a) amorphous region alignment after stretchipg (, ¢,,), and ¢. denote the volumetric
fractions of the serial amorphous, parallel amorphous caystalline regions, respectively); (b) simplified
thermal resistance network model to quantify the effectasfous regions ., 1, R, |, andR. are the
thermal resistances of the serial amorphous, parallel gimomis, and crystalline regions, respectively; for a
sample of the unit length and cross-sectional aRa; = da. 1 /[ka(da, L + de)?, Ro) = L/kadq,,

Re = ¢c/[ka(da, i + dc)?], and Y Regr = 1/R,, +1/(Ra, . + Re); (c) thermal conductivity variation
against the fraction of the serially connected amorphog®neto explain why the thermal conductivity
increases when the crystallinity is reduced [reprintedhpigrmission from Zhu et al. (2017); © American
Chemical Society]

For increases in thermal conductivity, the intrinsic staue of the polymer itself also plays
a critical role. Take PE as an example, the length of the nutdechain has a direct impact on
the thermal conductivity. Short polymer chains tend to fermall crystallites or crystallites with
many dangling chain segments. A shorter chain will redueé: thalue of the crystalline region
because of the short MFP, and a longer chain will introduceendefects inside the crystallites
and on the crystallite boundary, limiting heat conductahtm®vever, when the molecular chains
are longer there will be fewer dangling chain segments, lans fewer defects on the boundary.
In addition, a polymer chain may be long enough such that bbits ends engage the crys-
tallites, and the chain can conduct heat more efficiently tiamgled tails of different chains.
For polymers, the structure of the monomer itself is alsticatdi for thermal conductivity. A
general rule is that if the monomers have more branched/bceigd structures (e.g., such as
higher-order randomness), the overall thermal condugtiends to be lower (Luo et al., 2017;

Volume 27, Issue 5, 2020



470 Xu, Liu, & Wang

Ma and Tian, 2017). This is because the existing branchadtates occupy the space between
backbone chains and hinders the interaction between baeldimins, including the formation
of crystallites (Zhang et al., 2018). This explains why PE tie highest thermal conductivity
of the reported polymers. For copolymers, the junction efahains makes the overall structure
much less perfect, leading to much lower thermal condugt{liuo et al., 2011; Tu et al., 2017,
Zhang et al., 2014). First, this is because the junctionemggnificant local phonon scattering
and reduces the thermal conductivity along the chain doecSecond, the junction itself makes
it much less possible for single crystalline grains to fomthie material.

Considering the four principles for increasing thermal dwetivity, when the crystallinity
is low it is easier to increase thevalue by increasing the crystallinity level. However, such
a method will quickly see its limitation. Therefore, the stalline orientation should always be
considered when increasing the crystallinity. Sometirtiessprientation effect can be much more
than the crystalline grain size effect. When the cryst#jlireaches a high level, the amorphous
region alignment method is the most promising way to inerehe thermal conductivity since
a further increase in crystallinity becomes difficult, amé @ with the same level of increased
crystallinity the increase in thermal conductivity beca@wery slow.

3. METHODS FOR STRUCTURE TAILORING
3.1 Structure Tailoring

Based on the aforementioned four mechanisms, tailoringsthesture of polymers could in-
crease the thermal conductivity of polymers. Diverse apgihes have been proposed and de-
veloped to realize thermal conductivity enhancement ofipelrs. The most commonly adopted
way is achieving crystallization in solidification from goher melt. When the temperature is
above the melting point, all of the molecular chains in thdtman move freely. A few chains
randomly align in parallel due to thermal movement and affads for nucleation in solidifica-
tion. The remaining part of the chains and other chains Wihtalign automatically around the
seeds to form crystallites in the polymer. Compression inglas one of the common industrial
techniques employing the solidification of polymers to proglbulk polymers. This method di-
rectly compresses the melt into a desired shape and relesessulting bulk after it is cooled.
The cooling process is critical in crystallite growth. Thetically, the longer the cooling pro-
cess lasts, the larger are the obtained crystallites (KR&£9). However, long cooling periods
are not practiced in industrial fields. Another popular teéghe for fiber and film fabrication is
injection molding. In this process, molten polymer paskesugh a nozzle that applies stress to
the melt during its cooling. The forced alignment of the nealar chains and generated crys-
tallites along the flowing direction increase the crystitii and crystalline size in the resulting
fibers and films. The temperature and flow rate are key facféastimg the crystallinity of the
resulting products, both of which need to be controlled.

Nucleating agents can increase the crystalline growth aate ease the polymer crystal-
lization (Lotz et al., 2017). They function as nuclei in ayokr solution or melt, interact with
molecules in the polymer, and start the polymer nucleabtifutleating agents can be low molec-
ular weight crystalline particles, crystalline polymesisd metal salts of organic acids that are
crystalline at the melting point of polymers. Applying neating agents can increase the crys-
tallinity of polymers; however, suitable nucleating agefdr polymers vary from one type to
another and their application is empirical to some extehe d@ievelopment and dispersion of
nucleation agents for industrial purposes still face megorcerns.
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Coating and deposition processes employ a substrate asitheating agent. Li and Yan
(2011) reviewed the effect of the surface on epitaxial etjigation of polymers. On a flat sur-
face, a crystalline substrate surface will restrict thestaljine orientation and structure in a
grown polymer film when the crystalline polymer structuretchas the substrate’s structure.
This peculiar interaction is important for polymer cry$iration on an amorphous structure. For
curved surfaces, such as a fiber surface, the intrinsic ®igaaracteristics, interface stress,
and flow field should be taken into account when generatingnpet crystallization. Wang
et al. (2018) investigated semi-crystalline polymer thimé prepared by the physical vapor
deposition method and controlled the film morphology andrta properties of matrix-assisted
pulsed-laser evaporation—deposited polyethylene o) films by tuning the temperature
and substrate type. Confining environments are widely usegeherate homogeneous nucle-
ation in polymers (Dorenbos et al., 2002; Liu and Chen, 2011iGdnd Zhang (2015) spin coated
poly(3-hexylthiophene) (P3HT) film on a nanostructuredqrat A small amount of dissolved
photoresist in 1,5-pentanediol offered nucleating agantsthe nanopattern confined the crys-
talline growth direction. Nucleating agents and the naitepa confined the crystalline growth
direction achieved directional organic crystal fibers @ffl wide and centimeters long.

The spin-coating fabrication process can align molecutacgires along the centrifugal di-
rection to yield highly anisotropic mechanical and thermpiadperties of polymers. Feng and
Wang (2011) fabricated highly anisotropic thin P3HT filmnggsihis technique. In their work,
regioregular P3HT was first dissolved in a chloroform sotyand spin coated on a glass plate
at a high speed of 5000 rpm. The thickness of the P3HT filmsagfrgm 20 to 4Qum. Differ-
ent concentrations of the solution caused different filmsitezs in the spinning/coating process.
Based on these samples, the advanced thermal measurertited revealed the following
trend: the overall thermal conductivity of the films becarnghker, while the overall thermal dif-
fusivity was lower when the film was denser. Further detagiedly showed that the molecular
chain was forced to align along the centrifugal directiontty strong centrifugal force (Feng
et al., 2013). The produced P3HT film had a strong anisotrstpiccture, and thus produced the
thermal properties in the film. The thermal measurementiseare shown in Fig. 4, where it
can be seen thatvalues up to 3.18 W/(rK) occur along the centrifugal direction. Thevalue
was around 0.6 W/(rK) in the in-plane direction perpendicular to the centrdldirection and
around 0.25 W/(nK) in the out-of-plane direction. The anisotropy factor vedmut 1-2 in the
in-plane thermal conductivity. The out-of-plane thermahductivity was one order of magni-
tude lower than the in-plane thermal conductivity. The higgrmal conductivity of P3HT films
was also confirmed by Xu e al. (2018). They prepared a P3HT fidimguthe bottom-up oxida-
tive chemical vapor deposition method. Through engingamiamcovalent inter-molecular inter-
actions, they achieved an overall thermal conductivity.@aA\&/(m-K) at near-room temperature;
however, the anisotropic thermal behavior was not repontéakeir work.

Given the important effect of the stress/strain and spdioiiation on the polymer crystal-
lization, electrospinning can effectively produce extedymarrow fibers from polymer solvent
or melt with diameters ranging from a few nanometers to sdweicrometers (Yuan et al.,
2017). The electrospinning system is composed of a higtagelsystem, spinneret, and collec-
tor (Long et al., 2019). Ma et al. (2015) reported high thdroeeductivity up to 9.3 W/(nrK)
in a single PE nanofiber, which was 20 times the enhancemempai@d with the typical bulk
value. The PE nanofiber was produced from PE/P-xylene solusing a 45 kV electrospinning
voltage and a 150 mm needle/collector distance (Ma et al5RT he high thermal conductivity
was due to highly oriented molecular chains caused by tbegtstress and the enhanced crys-
tallinity in the limited space in the thin nanofibers. Wangkt{2009) confined the thickness of
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FIG. 4: Thermal conductivities (a) and thermal diffusivities (b}three dimensions against the density for
all P3HT thin films [reprinted with permission from Feng et@013); © Elsevier]

a PEO film to 20 nm using an innovative layer-multiplying cdrasion process, and confirmed
the single, high-aspect-ratio lamellae crystalline gtrtesin this film.

The orientation of crystallites in a product is also impotta improving thermal conductiv-
ity. Randomly distributed crystallites will contributetle to improvements in thermal conduc-
tivity. Since stress can force a polymer to crystallize,$togtching is a good post-process that is
used to further improve the structure and thermal condiagti¥ fiber and film products. In a typ-
ical hot-stretching process, the polymer will be heated/alis glass transient temperatufg
and then stretched. This process causes tangled molebaliisdo move at the glass transient
temperature, while the chains in crystallites do not. Stheesample’s cross section decreases
during stretching, the crystallites automatically orifrgmselves to the stretching direction and
form good alignment in the polymer. Shen et al. (2010) faigd high-quality ultra-drawn PE
nanofibers, in which the thermal conductivity reached ak hg104 W/(rK)—about 400-fold
enhancement compared with the bulk value of around 0.3—0(B\K/). The nanofibers were
prepared using a two-stage heating method. They were dnaamd heated PE gel by using
an atomic force microscope (AFM) cantilever and achievadnditers of 50-500 nm. Then, me-
chanical stretching was applied to the nanofibers. The kighermal conductivity was achieved
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at a draw ratio of around 400. Compared with the mechanistharfrial conductivity enhance-
ment in hot-stretching microfibers due to alignment of aijgés in the fiber, the low defects and
forced alignment of molecular chains contributed to thermwpd quality toward the limit of a
single crystal and thus the high thermal conductivity. Tingle crystal structure was confirmed
by transmission electron microscopy in their work.

In previous theoretical studies, the single chain of thé&kbane has shown a stronger capabil-
ity of conducting heat than the crystalline structure inypaérs. A straightened molecular chain
in the amorphous area will also contribute to an increasbemtal conductivity in polymers.
Take polyethylene as an example, which has a simple steuctuntaining only backbone chains.
Zhu et al. (2017) carefully stretched ultra-high molecwaight (UHMW)-PE microfibers at an
elevated temperature of 131.5°C, which is near the meltoigtpand at a very low strain rate
of 0.0129 s1. They obtained a high thermal conductivity of 50.8 W/(f) at a low strain ratio
of 6.6, which was more than twice that of thevalue of the original fiber [21 W/(rK)]. Struc-
ture investigations, including X-ray diffraction (XRD),RD pole figures, and polarized Raman
spectroscopy, applied to this microfiber demonstrated ttreatrystallinity of the UHMW-PE
microfibers decreased during stretching. The moleculansha the amorphous region, instead
of the crystallites, were better aligned along the strefgfaixial directions and the local high
thermal conductivity of the molecular chain greatly cdmiited to the enhancement of the over-
all thermal conductivity in this microfiber. This was the fitBne that the very high thermal
conductivity of a PE microfiber was achieved by reducing ttystallinity, which directly con-
firmed the contribution of an amorphous alignment to an iasean thek value. Subsequently,
this mechanism and structure were confirmed by Xu et al. (R04®&wever, the elevated tem-
perature selection and controlling the hot stretching hgwificant effects on the final product,
which varied from sample to sample.

The cold drawing process can also help align the orientatfamystallites in a fiber. Poly-
meric fibers and strips are stretched at room temperatuine ieald drawing process. The crystal-
lites will orient along the deformation direction accorglito the stress and strain. Nitta and No-
mura (2014) investigated the tensile behavior of cold-dr&aetactic PPs. Their results showed
that fragmented lamellar clusters were first aligned tigitl the necking region; the further
elongation in the post-necking region was caused by the gimoois region between the crys-
talline lamellae, causing subsequent strain hardening¢aroXiao et al. (2010) cold stretched
a polyaniline film at room temperature at different straivels. They found that the molecu-
lar chains and crystallites were forced to align along thetsting direction. In addition, the
alignment of the molecular chain decreased the intermtdeclistance and thus increased the
crystallinity in the film. Cold stretching was found to be raafficient than hot stretching in
increasing crystallinity.

3.2 Structure Characterization to Uncover Effects on Thermal Conductivity
Improvement

After structure tailoring, it is critical to investigatedtcrystallinity, crystallite orientation, and
other structure characteristics. XRD, XRD pole figures, poldrized Raman spectroscopy are
preferable tools for this characterization. XRD is a weiblvn technique for structure character-
ization including crystal orientation, grain size, crystefects, etc. (Kohli, 2012). Its mechanism
can be simply described as follows: monochromatic X-ragsetaistically scattered by atoms in
a periodic lattice, and constructive interference occuthé scatterings indicating the structure
parameters of the periodic lattice. In Zhu et al. (2017),XfRD pattern of UHMW-PE fiber
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bundles (Fig. 5) showed multiple diffraction peaks in thefipEr bundle. Each diffraction peak
position can be used to calculate the unit cell lattice patars and the peak widths may denote
the crystallite size, lattice strain, and defects. Afteatretretching the UHMW-PE fiber bundles,
no obvious difference in XRD patterns arises. This indigdkat the crystalline structure does
not degrade much and contributes to the elongation of MFofpns in the PE fiber.

In a regular XRD, the incident X-ray and detector for diftian are paired to scan the
diffraction due to the crystal structure and to determirgedize of the crystalline size. However,
to further investigate the orientation of crystals in a fidéRD pole figures will fix the incident
X-ray and the detector, and rotate the sample to investigaiations of the diffraction along
the rotating angle. Zhu et al. (2017) used pole figure pattefithe (002) plane of UHMW-PE
to clarify the fact that no obvious enhancement occurredhéndrystal orientation. As shown
in Fig. 6, the XRD pole figure patterns of the same UHMW-PE fiwere almost the same
before and after the stretching process. This result isistems with the aforementioned XRD
pattern study. Thus, Zhu et al. (2017) concluded that tlgmaient of the amorphous region can
significantly improve the overall thermal conductivitylat than the crystal region in fibers of
high crystallinity.

In addition to XRD technology, polarized Raman spectrogazm detect the molecular ori-
entation as well as provide the chemical bonds and struatfwemation. In polarized Raman
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FIG. 5: XRD patterns of the UHMW-PE fiber bundles: the patterns keeford after stretching do not show
obvious differences, illustrating conservation of theyoval crystalline structure [reprinted with permission
from Zhu et al. (2017); © American Chemical Society]
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FIG. 6: XRD pole figures of the (002) plane of the stretched (a) andreefce (b) samples shows no
significant difference; (c) schematic of the XRD pole figyie$ intensity variation by varying the value of
(3 [reprinted with permission from Zhu et al. (2017); © Amencahemical Society]

spectroscopy, the intensity of the scatterings dependseopdlarization of incidence. The scat-
terings result from the interference of the polarized etaofaignetic field of the incidence with
vibrating molecules, which is direction sensitive (Jonealg 2019). When the vibration direc-
tion is the same, the fluctuations in the polarizabilitiesnaflecular vibrations can be detected
and a corresponding Raman peak appears in the Raman spedaiations in polarizabilities
do not occur since the molecular vibration direction is pedticular to the incident electromag-
netic field. Zhu et al. (2017) used polarized Raman speatpysto measure the direction of
the crystallites in UHMW-PE fiber before and after stretchifhe results are shown in Fig. 7.
The polarization direction was rotated between the axisction of the fiber and the laser po-
larization, as denoted in by angjeFig. 7. As the laser polarization was rotated from 0° to 90°,
the crystalline band of 1416 cm became weaker but the amorphous bands at 1440 and 1460
cm~1 obviously increased. The comparison between the nornubiigensity of the polarized
Raman spectroscopy results from the polymers before aedsifetching in Figs. 7(b) and 7(c)
illustrates the increments in the amorphous phase andalgiment.
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FIG. 7: (a) Polarized Raman spectra measured from UHMW-PE micnofibiore and after stretching:
the differences in the normalized intensity between befoyend after (c) stretching illustrate the struc-
ture change in the UHMW-PE microfiber [reprinted with persios from Zhu et al. (2017); © American
Chemical Society]

4. THERMAL CONDUCTIVITY MEASUREMENT: A CRITICAL ASPECT
4.1 Techniques for Thermal Characterization: A General Picture

It is well known that measuring the thermal properties iical in order to deeply understand
the thermal properties of polymers under structure taitprirhe methods used to measure the
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thermal conductivity/thermal diffusivity of polymers iludle the time-domain thermo-reflectance
(TDTR) method (Wang et al., 2013), microfabricated bridgettmod (Li et al., 2003), pulsed
photo-thermal radiometry (PPTR) method (Choy et al., 19999), bi-material AFM cantilever
method (Shen et al., 2010), and transient electro-therii&rl technique. (Guo et al., 2007a).
As shown in Fig. 8(a), the TDTR method depends on the priadipht a change in the reflect-
ing probe beam intensity is proportional to the temperathange in the metal transducer. The
known quantities in the analysis are the heat capacity aolrtéss of each layer (Cahill et al.,
2002, 2003; Oyake et al., 2015). The sensitivities of thenfjtsignal to the thermal conduc-
tivity and the thickness are important in analyzing the wtaieties and error propagation. In a
typical case, 5% uncertainty in thickness can lead to 10%mainity in the thermal conductiv-
ity, which means that attention should be paid to the thiskred each layer in order to ensure
accurate measurements. The advantage of the TDTR methloat it loes not require any re-
sistance/temperature calibration. It is similar to thetpktbermal technique (Chen et al., 2010;
Guo et al., 2009; Wang et al., 2008; Xu and Wang, 2014; Xu eR@lL4b), which operates in
the frequency domain, but the TDTR method works in the timsaia. The TDTR method
has been proven to be a robust and routine method used to ma¢hsuhermal conductivity of
ultra-thin films and interface thermal conductance.

For the microfabricated bridge method, the to-be-measwiaxiserves as a thermal bridge
between two heater pads. These two heater pads also servesist@ance thermometer to sense
the temperature of each island. By solving the heat tramsfeations of the system, the thermal
conductivity of the wire can be obtained (Li et al., 2003sHbuld be noted that more attention
should be paid to the thermal contact between the wire amibsded devices when doing this
experiment. The microfabricated bridge method can medhkerthermal property of nanoscale
wires, while the fabrication of microdevices is complichi@nd time consuming. The PPTR
method employs a line-shaped laser beam flushing on thecsusfahe sample at one side. At
the same time, the temperature evolution at a distance fnertirte source is monitored by an
infrared (IR) method. By fitting the radiometry signal, threglane thermal diffusivity of the
measured sample can be determined (Choy et al., 1997). mitatlons of the PPTR method
occur when samples have low IR emissivity or low laser-darthgesholds. An experimental
schematic illustration of the PPTR method is shown in Fi).8(
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FIG. 8: Schematic diagrams of the experimental setups for the TDEfhaod (a) [reprinted with per-
mission from Cahill (2018); © Materials Research Societyflahe PPTR method (b) [reprinted with
permission from Choy et al. (1997); © John Wiley & Sons]
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The bi-material AFM cantilever method for micro/nanofibees developed in Chen’s group;
a detailed description of the experimental setup can bedfaushen et al. (2010). The sample
was bridged between a thermocouple and an AFM cantilever.tiigdrmocouple was mounted
on the tip of a steel needle and was heated by the needle taradlemmperature, while the
cantilever was bi-material and its deflection was very s®mesto power/energy variations. A
laser beam was focused on the cantilever to record the defiagftthe cantilever and the power
variations due to temperature changes by using a photoddaderding to the minute changes
in the conducted heat against the temperature variatidredhermocouple, the thermal conduc-
tivity of the sample was determined. The aforementionedhods all have their own advantages
and disadvantages.

4.2 TET and Pulsed Laser-Assisted Thermal Relaxation 2 Techniques: High
Accuracy and Ease of Operation

Compared with the TDTR and microfabricated bridge methtius,TET technique developed
by Wang’s group at lowa State University is ready to build] &o calibration is required to
measure the thermal diffusivity. Figure 9 shows a schenoétite TET and pulsed laser-assisted
thermal relaxation 2 (PLTR2) techniques. In the TET experitmthe to-be-measured sample is
suspended between two electrodes. The entire sample idpla@ vacuum chamber in order
to eliminate thermal convection. Since polymer is non-eanige, it should be coated first with
gold or another metal (approximately of nanometer thickhegfore the test. During the test,
a direct current (DC) is fed to the sample to induce jouleihgah the metal film, which also
transports the heat to the sample. The evolution of voltage the sample is recorded by an
oscilloscope to indicate the temperature evolution of trade. Based on the experiment, the
normalized temperature rise can be calculated from therebdesoltage changel{) of the
sample overtime &* = (V — o)/ (Ve — Vo), Wherel, andV,, are the voltage of the sample
before and after heating, respectively. Once the nornthtem@perature evolution is obtained, the
thermal diffusivity of the sample can be obtained by fittihg hormalized temperature change
curve against time. The heat conduction along the fiber careated as one-dimensional due to
the sample’s high length-to-diameter ratio. The govereiggation is

d(pc,T)  0*T
ot K Ox? +a @)
wherep, ¢, andk are the density, specific heat, and thermal conductivithefdample, re-
spectively. Herej = I?R,/AL, where A and L are the cross-sectional area and length of
the sample, respectively. The boundary and initial coodg#tiareT (x = 0, = L) = Tp and
T(t = 0) = Ty, respectively. The theoretical normalized temperatuge, nivhich is defined as
T*(t) = [T'(t) — To)/[T(t = o0) — To) , is solved as follows (Guo et al., 2007b):

96 > 1—exp [— (2m — 1) T2 t/ L2
R (2m —1)*

m=1

T*

(3)

where et is the sample’s effective thermal diffusivity, which indies the effect of radiation
and metal coating. During the fitting, the theoretical ndireal temperature rise is calculated
according to Eq. (3) by using different trial valuesoqf;, and the calculations are then compared
with the experimental results. The trial value that givestibst fit of the experiment data is taken
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as the sample’s effective thermal diffusivitys). The real thermal diffusivity of the sample can
be obtained by subtracting the effect of the radiation arld goating; the details of which can

be found in Guo et al. (2007b) and Liu et al. (2014, 2015).
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The TET technique is mostly applied to analyze the in-plaeemal transport. Wang’s labo-
ratory also developed the PLTR2 technique to investigaetbss-plane thermal transport (see
Feng et al., 2013). The original pulsed laser-assistedrthlerelaxation technique was also de-
veloped by Wang’s laboratory, which used a nanosecond ghldser to heat up a suspended
sample and observe the temperature/voltage relaxatiomeaample in order to determine its
thermal diffusivity (see Guo et al., 2008). An experimesighematic illustration of the PLTR2
technique is shown in Fig. 9. Before the test, the two sides BBHT film were coated with
gold. Then, the sample was bridged between two electrodesr faste was used to ensure low
thermal resistance between the sample and the electradd®ould be noted that the topside
gold film was not in contact with the electrodes. During thpeximent, a nanosecond pulsed
laser with a 1064-nm wavelength irradiated the top side efsdéuample. The wavelength of the
pulsed laser did not need to be 1064 nm as long as the gold filirhigh absorption at a certain
wavelength. At the same time, a constant DC was fed througlydid film on the bottom to
sense the temperature change. This DC was carefully sefecésmsure both perceptible voltage
changes and minimum joule heating. The voltage evolutiothefbottom-side gold film was
monitored by an oscilloscope.

In the PLTR2 measurement setup, the gold film on the top absiwb laser energy and
then its temperature begins to rise. Since the topside daiddinot in contact with the elec-
trodes, the thermal energy is transferred from the topsadfgm to the P3HT film. This cross-
plane thermal transport has been proven to be extremelyifaston the order of hundreds
of microseconds (Feng et al., 2013). The cross-plane thetiffiasivity is derived as follows:

« = 1.38D?/7% x t1,, (Parker et al., 1961), whetB is the thickness of the P3HT film and
t1/» is the time taken to reach one-half of the maximum tempegaige. As shown in Fig. 9,
the very fast cross-plane thermal transport part is foltbig in-plane thermal transport due to
the heat dissipation from the P3HT film to the electrodescé&time is in the temperature decay
region, due to the very high length-to-thickness ratio,ttte¥mal transport can be simplified as
one-dimensional along the length direction. The govereiqgation is (Feng et al., 2013):

o0 (pCpT) 82T { Qlaser T Qjoules 0 <t< At }

——— =k=> tq.90= (4)
ot 8582 Qjoule> t> At

whereAt is the laser pulse width{ 7 ns). Heregq includes both the laser beam energy and the
joule heating since is smaller thamA¢. Two simplifications were applied to solve the previous
equation based on the following facts: (1) the joule heatiag relatively weaker than the laser
energy; therefore, only the laser pulsed energy was comeslde the following analysis; (2) a
laser beam spot larger than the sample size was chosen te emsiorm laser energy irradiating
on the film. The normalized temperature for the thermal dgcagess is

. 8 w  exp |- (2m — 1)* 72t/ L2
= > [ — } (5)

After obtaining the normalized temperature profile fromeperimental data, different val-
ues of the thermal diffusivity (in-plane) were tried to fiethormalized temperature. The value
giving the best fit was taken as the in-plane thermal difitysiof the P3HT film. The TET
and PLTR2 techniques have been evaluated rigorously withdsaccuracy and high reliabil-
ity in Wang's laboratory to characterize the thermal préipsrof various conductive and non-
conductive micro/nanoscale fibers/films (Feng et al., 2Q13;et al., 2015, 2016; Xie et al.,
2015).
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Although thermal characterization seems straightforwgrdat care has to be taken in ex-
perimental design and data analysis. In the past, the theonauctivity of many polymers
was incorrectly claimed due to ignored or mistreated ramhagffects, which become dominant
when wire/film-like samples have very high-aspect ratiosarples of the radiation effect be-
ing given rigorous consideration can be found in the studeeslucted by Wang’s group (see
Xie et al., 2016). Also, heating rate evaluations and te@ipee measurements can become very
challenging using techniques that rely on direct knowledlgthe heating rate and temperature
rise for direct thermal conductivity calculations. The TRild PLTR2 techniques only probe
the relative evolution of the temperature rise of sampled,they do not need the heating rate
and absolute temperature information. They have been priovgive some of the best accuracy
measurements for fiber-like and film-like samples (Guo et&l07a; Han et al., 2018) and are
far superior to the & technique (Choi et al., 2006).

4.3 Structure Analysis based on Phonon Scattering: Thermal Reffusivity

It has been commonly recognized that thermal conductittibngly depends on the micro/nano-
scale structure of materials. However, if only thel" profile of materials is examined, very
little information regarding the microstructure can beaihéd. Based on a phonon scattering
mechanism, a new physical term called thermal reffusivag been proposed to characterize
the structural size of various materials. It was first praggbby Xu et al. (2014a) to study the
structure size in DNA. Then, it was developed and provediegiple in various materials such
as polymers and carbon-based materials (Liu et al., 20157;2(0e et al., 2015, 2018b). In this
section, we focus on applying the thermal reffusivity thetorpolymers in order to improve the
structural size.

In non-metal materials, phonons are the major heat carfiérs thermal resistance arises
from phonon scattering. There are two types of phonon s@ajtephonon—phonon scattering
and phonon-defect scattering. Chemical impurities, dgraimdaries, lattice defects, and rough
edges are the common defects. Phonon—phonon scatteringpisrfional to the phonon popu-
lation and dependent on temperature. As the temperatureatsss, due to the largely reduced
phonon population, phonon—phonon scattering becomes whid the phonon—defect scatter-
ing becomes dominant.

For isotropic and non-metallic materials, the thermalusiffity (©) is defined as follows:
© = l/u. Here,« is the thermal diffusivity. According to Matthiessen’s euland taking into
consideration different scattering mechanisms, the coetbielaxation timet.) can be written

as follows:
1 1 1 1 1
— = +—+—+ (6)
Te Tph-ph  Timp TeB  Tsurf
where ph-ph, imp, GB, and surf indicate phonon—phonon, pheimpurity, phonon—grain
boundary, and phonon-surface scattering, respectiveljmbihing Eq. (6) with the definition
of thermal reffusivity, the equation f@ can be written as follows:

3 1 1 1 1
o-S( ) ™
v Tph-ph  Timp  TeB  Tsurf

whereuv is the phonon velocity. Equation (7) can be rewritter®as: ©pn.pn + Og if we regard

all of the impurities, grain boundaries, and surfaces asdeifects, wher@®, is the thermal
reffusivity due to phonon—defect scattering, &hg.on is the thermal reffusivity due to phonon-
phonon scattering. As the temperature decreases to 0 Kpphphonon scattering vanishes, and
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residual thermal reffusivity appears due to phonon—defeattering. If there are rare chemical
impurities and lattice defects in the materials, then plmeigoain boundary scattering dominates
at 0 K; namely,©¢g = 3/(vl), wherel is the MFP due to phonon—grain boundary scattering,
which is proportional to the average grain size (or very eltsit). It can be clearly seen that
the residual thermal reffusivity is directly related to tp@in size; the larger the grain size, the
smaller is the value a®,.

The thermal reffusivity theory can be applied to study themgsize of materials. Since ti@g
values of carbon nanocoils were obtained from the expetisnéme grain sizes were calculated
using Eq. (7). The thermal reffusivities of the carbon namlscgraphite, and graphene foam are
shown in Figs. 10(a)-10(c), respectively. Deng et al. (3@&lyzed the grain sizes of carbon
nanocoils by using the thermal reffusivity theory, Ramarhud, and XRD. It was found that
the grain sizes obtained by the thermal reffusivity theagsead well with the values obtained
from Raman spectra and XRD (Deng et al., 2016).

The thermal reffusivity theory can also be used to invegtigaechanisms that can improve
the thermal properties of stretched PE fibers. Zhu et al.{pétlidied the thermal properties and
grain sizes of UHMW-PE fibers under hot stretching. Figurestidws the thermal reffusivities
of the stretched and reference PE fibers, where it is obsehagdhe residual thermal reffu-
sivities of the stretched PE fibers have decreased compatiedhsir corresponding reference
fibers. This indicates that the grain sizes increased aéimgbstretched, which was verified by
XRD (Zhu et al., 2017). In addition, the fitting curves of theetched PE fibers changed more
smoothly with the changes in temperature than did thosesafdference fibers due to the Debye

012 4

£ o008t .
(2]

'\O i A =
Z 0.04 + & = = Sample 1 4
@ - e Sample 2

. 1 1 1 -A Isarn.ple ?
800 .
600 .

e 400} ]
2
o 200} Ho stal

ol ; ) ' ' Gra;lahlte g
7k i

NA 6 C ]
E st ]
(2]

mo 4+ 4
Z 3F .
&) ole Xie et al. h

L Graphene foam J
1 1 1 1 1 1

0 50 100 150 200 250 30
T (K)
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temperature decreasing after the PE fibers were hot steb(@teet al., 2015). Further structure
analysis indicated that the increase in the thermal difftysin the stretched samples was a result

of the better alignment of the amorphous part in the PE fitéha €t al., 2017).

In this work, it was found that the thermal reffusivity susstilly evaluated the structural

improvements of hot-stretched PE fibers. The thermal rigffygheory is not only applicable to

polymers, it has also been successfully applied to quaimttanalyses of the structural size and
Debye temperature of carbon-based materials such as grapheer (Xie et al., 2015, 2018b)

Volume 27, Issue 5, 2020



484 Xu, Liu, & Wang

and carbon fiber (Liu et al., 2017). In addition to semi-cailste materials, the thermal ref-
fusivity theory can also successfully evaluate the stmattdomain size of Asian human hair.
This indicates thermal reffusivity is a powerful tool thancbe used to analyze the structure of
amorphous materials (Xie et al., 2018b); however, this irgyd role of thermal reffusivity in
analyzing the microstructure of various materials has lme@nlooked by researchers in previ-
ous works. Due to the ultrathin scattering cross sectionvordimensional materials, such as
graphene and MaSit is hard to directly obtain information about the in-péastructure using
traditional beam scattering methods, such as XRD. Insthathal reffusivity near O K provides
a very promising tool that can be used to characterize thpdaine structure domain size.

5. CONCLUDING REMARKS

The thermal conductivity of polymers is significantly detémed by its crystallinity, grain align-
ment, crystal grain size, and amorphous regions connetiimgrystallites. To understand the
mechanism of improving the thermal conductivity, four fantental physics principles have
been summarized in this review. Methods for fabricating stnacture tailoring, including com-
pression molding, injection molding, electrospinningg atretching and coating methods were
reviewed based on these four principles. Additionally, samidely used thermal probing tech-
niques (the TET and PLTR2 techniques) were also reviewetfdti-dimensional thermal prob-
ing at the micro/nanoscale. The TET and PLRT2 techniquedgesome of the best accuracy
measurements of the thermal conductivity of polymers irfoie of wire and films.

Although a crystalline structure is preferred for achigMmgh thermal conductivity of poly-
mers, the high crystallinity will reduce the flexibility ofi¢ polymers, which makes the poly-
meric products brittle. Utilizing the alignment of moleaukhains along the desired directions
in amorphous regions provide great potential for enhanttiegthermal conductivity without
significantly sacrificing the mechanical properties. Ustiamnding the detailed mechanisms in-
volved in heat conduction by polymer chains remains a chgéeand more effort is needed to
explore and even control these mechanisms. Furthermae Hre numerous challenges that
need to be resolved before industries can proceed with tlse praduction of structure-tailored
polymers with high thermal conductivity. The current strure tailoring of polymers has been
limited to thin films or micro/nanofibers. This significantiyits their application. It is criti-
cal to tailor the structure of bulk polymers (three-dimensil) toward broader applications. To
better control the thermal performance of fabricated p@gsnnovel thermal measurement tech-
niques are still highly in demand, which could flexibly fit imetin situ measurement of different
structures at small scales.
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