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ABSTRACT Polymer based dielectric materials with simultaneously high thermal 

conductivity and low dielectric loss are highly desirable in various applications like energy 

storage, thermal management and electronic packaging. Polymer dielectrics generally benefit 

from good electrical insulation, high breakdown strength, high toughness and low density 

but suffer from very low thermal conductivity (0.1-0.5 W∙m -1 ∙K -1). Herein we propose a 

new strategy to overcome this compromise; solid-state drawing of ultra-high molecular 

weight polyethylene (UHMWPE) films doped with a small amount of nanodiamonds (NDs). 

The resulting orientation of UHMWPE macromolecules and the nanofiller significantly 

improves the thermal conductivity along the stretching direction, while the dodecane surface 

functionalization of the NDs endows a robust interface between the matrix and filler, which 

minimizes the thermal resistance and dielectric loss. Our film shows an ultra-high thermal 
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conductivity of 60 W∙m -1 ∙K -1 (with 2wt% NDs) in the drawing direction, very low dielectric 

loss, both at low and high electric field. More generally, herein we demonstrate that the 

interfaces introduced by the nanofillers do not necessarily cause an increase in dielectric loss 

at high electric field and a decrease in thermal conductivity, providing a new direction for the 

design of novel polymer based dielectric and functional materials. 

KEYWORDS: thermal conductive polymer, low dielectric loss, capacitor, thermal 

management 

INTRODUCTION 

The rapid development of high frequency, high power density and miniaturized electrical 

systems inevitably results in aggregated heat, which could lead to excessive temperatures, 

shorten the lifetime of electric equipment and even cause their malfunction. In order to 

prevent devices from heating up, expand their operating conditions and eliminate the 

necessity for cooling components, thermally conductive but electrically insulating materials 

are highly desired for applications in thermal management and capacitors, among others1 2.  

However, polymers normally have very low thermal conductivity (typically less than 0.5 

W∙m-1∙K-1)3, 4). There are two main strategies to improve their thermal conductivity: increase 

crystallinity and/or chain alignment and introduce fillers with high thermal conductivity5, 6. 

As for the first strategy, crystalline regions composed of stretched molecular chain should 

have very high thermal conductivity, considering that lattice vibrations can be transmitted 

‘unperturbed’ along the chains7.  
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Solid-state drawing has been used to increase the crystallinity and chain alignment of 

different polymers, notably polyethylene, thus increasing its thermal conductivity. Chen et 

al. used molecular dynamics simulations to calculate the thermal conductivity of a single 

polyethylene chain, which can be as high as 350 W∙m-1∙K-1 8. A thermal conductivity of 104 

W∙m-1∙K-1 was reported for ultra-drawn UHMWPE nanofibers, which is higher than many 

metals but still lower than simulated maximum values due to the inevitable presence of 

defects (e.g. voids, entanglements, chain ends) in bulk material9, 10. For drawn UHMWPE 

films, only 60-65 W∙m-1∙K-1 was achieved with an ultra-high draw ratio of 200 because 

stretched films contain many more defects than short nanofibers. Besides, the thermal 

conductivity increased sharply at the beginning of drawing process, up to a draw ratio of 

about 60. Further drawing, up to a draw ratio of 200-240, causes even a decrease in thermal 

conductivity7. Micro-voids are produced by overdrawing, which not only scatter phonons 

and hinder the thermal transfer but also act as stress concentration point, therefore having a 

detrimental effect on mechanical strength and dielectric properties, counteracting the effect 

of chain alignment.11  

The other common way to improve the thermal conductivity of polymer is the introduction 

of thermally conductive fillers. Examples of fillers are hexagonal boron nitride nanosheets 

(BNNs)12-14/nanotubes(BNNTs)15, SiC16, aluminum nitride (AlN)17, aluminum oxide 

(Al2O3)
18, graphene19 and nanodiamonds (NDs) 20, 21. However, large amounts (usually 

higher than 10wt%) of (nano)fillers are required to form thermally conductive networks and 

produce a meaningful increase in thermal conductivity because of the large thermal resistance 

and phonon scattering at the polymer-filler and filler-filler interfaces22. For instance, Shengdu 
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et al. introduced nano-diamonds coated with silver nanoparticles and PDA (Ag-PDA-ND) 

into cellulose fiber (CNF) and measured an in-plane thermal conductivity of 16 W∙m-1∙K-1 

with a filler loading of 15wt%.23 A thermal conductivity of 19 W∙m-1∙K-1 was reported by 

adding hydroxyl-rich nano-diamonds (ND-OH) into poly(vinyl alcohol) (PVA) with a filler 

loading up to 90wt%.24 Nevertheless, such high fractions of filler not only hampers the 

processability and deteriorates the final flexibility and ability to form high quality thin films, 

but also significantly increases the cost. Besides, the introduction of fillers often causes 

severe charge accumulation at the polymer/filler interface resulting a large mismatch of 

polarization and/or conductance between fillers and matrix and/or poor interface quality. As 

a consequence, the greatest majority of polymer nanocomposites reported in the literature 

show very high dielectric loss, compared with pristine polymers, especially under high 

electric field, hampering their use in electronic applications.25 26-31 Among other (nano)fillers, 

nanodiamonds possesses a unique combination of very high thermal conductivity (~2000 

W∙m-1∙k-1) and high electrical insulation32, making it a very promising filler to fabricate 

thermally conductive and electrically insulating films with low dielectric loss. Herein, we 

introduced nanodiamonds, surface functionalized with dodecane functional groups (NDs-

dodecane), into a highly oriented ultra-high-molecular-weight-polyethylene (UHMWPE) 

polymer film, to obtain ultra-high thermal conductivity and low dielectric loss, both at low 

and high electric fields. The use of dodecane surface functionalization is of paramount 

importance in creating a robust interface, which minimizes both thermal resistance and 

dielectric loss. By tuning the filler content and solid-state drawing parameters, the resultant 

composite film with 2 wt% NDs and draw ratio of 60 shows an ultra-high thermal 

conductivity of 60 W∙m-1∙K-1 in the drawing direction with a low dielectric loss, both at low 
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electric field and at high electric field up to 400 kV∙mm-1. This particular dielectric film 

shows great potential in applications like electronic packaging and capacitors as well as 

substrate technology, enabling microelectronic integrated circuits with accelerating speed 

and reducing size.33 

Experimental Section 

Materials 

The ultra-high molecular weight polyethylene (UHMW-PE) was obtained from DSM 

Stamylan UH 034 (Royal DSM, the Netherlands) with a weight-average molecular mass of 

approximately 3.3 × 106 g/mol. This polymer grade has a melting temperature (Tm) of around 

140 °C and average particle size (D50) of 150 μm. Xylene (C6H4(CH3)2, 98.5% mixture of 

isomers) was purchased from Thermo Fisher Scientific Inc. (the Netherlands). Dodecane 

functionalized nano-diamonds (NDs) with 65 nm diameter were purchased from Sigma 

Aldrich (901967). A small amount of NDs were burned at 450 oC for 30mins using TGA 

5500 to study the removal of the dodecane functionality. The obtained nano-diamonds was 

denoted as BNDs (bare nano diamond). 

Fabrication 

UHMWPE (composite) films were prepared by solution casting and solid-state drawing 

(Figure 1e). NDs/UHMWPE composites specimens are defined as NDs-x-DR-y, pure 

UHMWPE specimen was defined as pure-DR-y, where x denotes the content of NDs and y 

the draw ratio. BNDs/UHMWPE composites specimens are defined in a similar way: BNDs-

x-DR-y, where x denotes the content of BNDs and y the draw ratio. First, NDs (0.1, 0.3, 2 

and 5wt% of UHMWPE) or BNDs (2wt% of UHMWPE) were dispersed in xylene under 
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ultrasonication at full power and room temperature for around 1 hour until visible aggregates 

disappeared. UHMWPE powder was then added to the dispersion before degassing with a 

second ultrasonication step at room temperature for 30 min. Subsequently, the mixture was 

stirred continuously in an oil bath at about 125 °C until the Weissenberg effect was observed. 

Then the mixture was kept at 125 oC without stirring for 2 h to completely dissolve the 

UHMWPE in xylene (the UHMWPE solutions are all at 1 wt%). The solutions were then 

cast into aluminum trays and quenched to room temperature. Dry films were obtained after 

evaporating the xylene at room temperature for 7 days. Pure UHMWPE films were fabricated 

using the same procedure but without the dispersion and introduction of nanofillers. The 

optical images of obtained pure UHMWPE film, NDs2 and BNDs2 films before ultra-

drawing were show in Figure 1f-h.The obtained films were subsequently cut into rectangular 

specimens (22 mm x 4.8 mm) and drawn in a two-stage drawing process to draw ratios (DR) 

λ = 60 at 120 °C (the first stage) and 125 oC  (the second stage), at a cross-head speed of 320 

mm∙min-1 using a universal tensile tester (Instron 5900R84, U.K.) equipped with an 

environmental chamber. The draw ratio of the drawn films was determined from the 

displacement of ink marks, which were marked on the surface of the strips at regular intervals 

of 2 mm before the drawing process. The optical image of sample NDs2-DR60 was show in 

Figure 1i.  

Characterization 

Scanning electron microscopy (SEM) (FEI Phenom, the Netherlands) analysis was carried 

out on the NDs and cross sections (cold-fractured in liquid nitrogen) of the nanocomposite 

films. Fourier transform infrared spectroscopy (FTIR) was performed on a Tensor 27 
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spectrometer (Bruker Optik GmbH, Ettlingen, Germany) with a platinum attenuated total 

reflectance (ATR) accessory. The scans were performed with a resolution of 4 cm-1 in the 

wavenumber range of 4000-400 cm-1. Raman spectroscopy was performed on a Renishaw 

inVia Raman Microscope using a 442 nm laser. The scans were performed with a 50s 

accumulation time and shift range of 3200-500cm-1. Differential scanning calorimetry was 

performed on a differential scanning calorimetry (DSC) instrument (PerkinElmer DSC 4000) 

under nitrogen flow. The NDs/UHMWPE composites were heated and cooled at a rate of 10 

oC /min in a range from room temperature to 200 oC . The crystallinity was calculated through 

enthalpy measurement of the melting peak area. Wide angle X-ray diffraction (WAXD) was 

carried out at the Multipurpose Instrument for Nano structural Analysis (MINA) at the 

University of Groningen, equipped with a Cu rotating anode emitting X-ray wavelength at 

1.5413 Å (corresponding to 8 keV). The 2D scattering patterns were collected using a Bruker 

Vantec 500 2D, placed at 0.8 cm from the samples. The acquisition time was set to 2100 sec 

for each sample. Crystallographic orientation is quantified through calculation of the 

Herman's Orientation Factor34. Crystalline phase composition was calculated from the 

WAXD profiles using a home-made written MATLAB multi peaks deconvolution routine. 

WAXD reflections of the UHMWPE are fitted using a linear combination of Voigt functions. 

The amorphous halo was fitted using a Gaussian profile. The content of the crystalline phase 

is calculated by the ratio of the area of the Voigt peaks from the crystalline phase over the 

total profile area.35, 36 UV-vis experiments were carried on a PerkinElmer LAMBDA 950 

spectrophotometer at a 5 cm distance from the detector. All samples were coated with paraffin 

oil to avoid surface scattering, followed by sandwiching them between two glass slides 

(transparent at the tested wavelength range 300-700 nm) of about 1mm thickness each.  
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The thermal conductivity (K) was calculated using the following Equation: 

K =CH ρ α   (1) 

Here, CH is the heat capacity (≈1.8 J∙kg−1∙K−1) of the samples, ρ is the density (≈1000 kg m−3) 

and α is the thermal diffusivity (m2∙s−1). The thermal diffusivity (α) was measured using a 

custom-built setup consisting of a pulsed (1 Hz) tunable laser beam (superK COMPACT 

supercontinuum), which excited heat waves that propagated periodically into the sample, and 

a high-resolution infrared camera (FLIR T660) as a detector. The camera was mounted with 

an IR micro-lens (pixel size 50 × 50). Thermal diffusivity was then calculated following the 

Angstrom method37, 38. For each sample (30 mm × 10 mm), 10 measurements were 

performed along the direction parallel to the solid-state drawing direction 39. 

Gold electrodes with a thickness of around 100 nm and a diameter of 2 mm (for bipolar 

hysteresis loop measurements) or 5 mm (for dielectric spectroscopy measurements) were 

sputtered on both sides of drawn films. Bipolar hysteresis loops were obtained on a 

ferroelectric tester (NPL, Teddington, UK) at room temperature using a triangle waveform 

with a frequency of 10 Hz.40 The tester can only generate a maximum voltage of 10 kV, which 

limits the field that can be applied to relatively thick specimens. The frequency dependence 

of dielectric properties was characterized using a Precision Impedance Analyzer (4294A, 

Agilent, Santa Clara, CA). A summary of the dielectric and thermal conductivity properties 

was presented in Table S1. 

RESULTS AND DISCUSSION 

3.1 Structure characterization 
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Figure 1a-d shows the SEM images of surface functionalized NDs and the cross section of 

the composite films before ultra-drawing. Figure 1a reveals that the dodecane functionalized 

NDs have very uniform size, below 100 nm. Figure1b-d show the cross section of undrawn 

pure UHMWPE and UHMWPE/NDs composites films. The cross section of pure UHMWPE 

is relatively smooth, with a slight texture and no visible inclusions. In Figure 1c, the NDs 

appear as small white dots homogeneously distributed within the UHMWPE matrix. No 

visible aggregates are evident, demonstrating a good dispersion of the functionalized NDs 

when the nanoparticle content is less than 2 wt%. Some NDs agglomeration appears at higher 

filler content, shown by the presence of clusters of nearly one micrometer size for the NDs5 

composites films (Figure 1d). The solid-state drawing process (Figure 1e) results in oriented 

films (8 – 13 micron) with good quality and even optical transparent (>93% at 550nm) for 

NDs concentrations lower than 2 wt% (Figure S6). 
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Figure 1. a-b) SEM images of: a) dodecane functionalized NDs; b) the cross section of 

undrawn pure UHMWPE sample; c) the cross section of undrawn NDs2 sample; d) the cross 

section of undrawn NDs5 sample; e) schematic illustration of fabrication method of the ultra-

drawn NDs/UHMWPE composites. Optical images of: f) undrawn pure UHMWPE; g) 

undrawn NDs2 sample; h) undrawn BNDs2 sample and i) NDs2-DR60 sample. 

Figure 2a shows the FTIR spectroscopy of the dodecane functionalized NDs. The broad peak 

at 3200-3400 cm-1 is ascribed to the O-H stretching vibration from the -O-H functional group 

and absorbed water. The sharp peak at 2921-2848 cm-1 originates from the C-H stretching 

vibration; the peaks at 1739 cm-1, 1623 cm-1 and 1460 cm-1 originate from the ester carbonyl 

group, O-H in-plane deformation vibrations and C-H deformation vibrations, respectively; 

the 1260 and 1076 cm-1 peaks is ascribed to the C-O stretching vibration. The sharp peak at 

719 cm-1 derives from the long chain deformation vibration of methene in the dodecane 

functional group. The nano-diamond core and the dodecane functional groups may be bonded 

by the ester group (ND-OOC-C11H23) at 1739 cm-1, consistently with previously reported 

NDs modified with alkyl groups.41 In the Raman spectroscopy of the filler, the peak at ~1330 

cm-1 derives from the diamond core (Figure 2b). 42 

The FTIR microscopy of drawn UHMWPE and UHMWPE/NDs nanocomposites (Figure 2d) 

shows four obvious peaks, all coming from the -CH2 vibration. The peak and peak position 

of the NDs composites did not change with the loading of fillers. Characteristic peaks of -

C=O and -O-H from the functionalized nano-diamonds are hardly detectable. Possible 
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reasons for this are the limited detection sensitivity (i.e. too low filler content) and limited 

penetration depth (polymer rich skin effect). 

Figure 2e shows Raman spectroscopy of the drawn UHMWPE (pure-DR60) and the 

composite with 2wt% NDs loading (NDs2-DR60). The scattering bands of NDs2-DR60 and 

pure-DR60 differ mainly between 1500 to 1000 cm-1. The 1400 to 1500 cm-1 region includes 

three bands that are hard to separate from each other: 1414, 1438 and 1460 cm-1. The 1414 

cm-1 peak comes from CH2 bending in the crystalline phase; the 1438 cm-1 and 1460 cm-1 

peaks come from the amorphous phase; the former is from a sort of random coil with several 

gauche bonds, the latter is from chains mainly of trans conformation but lacking regular 

packing. The higher intensity of the 1414 cm-1 peak of NDs2-DR60 reveals higher 

crystallinity compared to pure-DR60. Peaks at 1129 and 1062 cm-1 represent in-phase and 

out-of-phase all-trans C-C stretching vibrations, which comes from crystalline phase and 

extended chains in amorphous phase produced by the uniaxial-drawing. NDs2-DR60 shows 

much higher intensity of the band 1129 cm-1 compared to pure-DR60, revealing a higher 

fraction of extended chains with all-trans C-C conformation which may come from the crystal 

phase and/or amorphous phase. Additionally, the relative strength of these two bands also 

differs; the addition of NDs gives rise to a higher intensity at 1129 cm-1 than 1062 cm-1. The 

possible reason is the reduced intensity of a broad scattering region centered at 1080 cm-1, 

which is assigned to the C-C stretching of different kinds of gauche structures in unoriented 

amorphous phase composed of random coil. The broad band at 1080 cm-1 is not detectable 

because it superposes with the 1062 cm-1 peak, increasing the asymmetry and intensity of the 

latter. 43-46 
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To further study the origin of the increased intensity of band 1129 cm-1 by the introduction 

of NDs, we measured the crystallinity and crystal orientation of the drawn UHMWPE and 

the NDs/UHMWPE composites using WAXD and DSC (Figure 2). As for the crystal 

orientation, WAXD results shows that the introduction of NDs has a negligible influence on 

the Herman’s Orientation Factor which means the NDs hardly change the orientation of 

drawn UHMWPE. As for the crystallinity, Both WAXD and DSC results show that the 

introduction of NDs also doesn’t have a remarkable effect on the crystallinity. Therefore, we 

assume that the increased intensity of 1129 cm-1 should come from the amorphous phase. 

The introduction of NDs increased the chain orientation of UHMWPE molecules in 

amorphous phase, possibly by facilitating the uniaxial-drawing process. 

 

 



14 

 

Figure 2.  a) FTIR of dodecane functionalized NDs. b) Raman spectroscopy of NDs. c) 

Crystallinity and Herman’s orientation factor obtained from the 2D WAXS patterns. d) FTIR 

of NDs/UHMWPE nanocomposites. e) Raman spectroscopy of pure-DR60 and NDs2-DR60 

(the inset shows detailed spectroscopy in the region from 1600 to 800 cm-1). f) Crystallinity 

of NDs/UHMWPE composites with draw ratio of 1 and 60, obtained from DSC 

measurement. g-j) 2D WAXS patterns of NDs/UHMWPE composites with draw ratio of 60. 

The red double arrow denotes the drawing direction. 

3.2 Dielectric and thermal characterization 

As for the dielectric properties (Figure 3), the relative dielectric permittivity remains similar 

after the introduction of NDs. For samples with draw ratio of 60, the dielectric loss (tanδ) is 

barely affected by filler loadings up to 5 wt%. The optimum loading content is 2 wt% with 

the tanδ slightly decreased from 0.007 for the matrix to 0.005 for NDs2 composite at 10 kHz. 

The difference of tanδ between the different samples is quite obvious in the lower frequency 

range (103 to 105 Hz) but tends to diminish at 106 Hz. This indicates that the difference in 

loss is related to relaxor dipoles with characteristic frequency below 1 MHz47.  
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Figure 3. a) Dielectric constant and dielectric loss of NDs/UHMWPE composites with 60 

draw ratio in the frequency range from 103 to 107. b) the dielectric constant and dielectric 

loss of NDs/UHMWPE composites with 60 draw ratio at 10 and 100 kHz. 

Figure 4a-f shows the D-E loops and I-E loops of NDs/UHMWPE nanocomposites with draw 

ratio 60 with an applied electric field up to 400 kV∙mm-1. All the samples show slim D-E 

loops and rectangular I-E loops, which are indicative of their low loss at high field. Figure 

4g summarizes the charge-discharge efficiency and dielectric loss at 400 kV∙mm-1. The 

charge-discharge efficiency (η) is defined as the ratio of the discharged electric energy to the 

charged electric energy calculated from the D-E loops. The obtained ND/UHMWPE 

composites exhibit an almost linear D-E behavior, like the pure UHMWPE. In the I-E loop 

measured at low frequency (10 Hz) triangular voltage waveform, the current has two main 

contributions: dielectric permittivity and electric conductivity. In our case, the former 

remains constant and corresponds to a constant current while the latter increases 

proportionally with electric field.48 Therefore, the dielectric loss at high electric field, e.g. 

400 kV∙mm-1 (tanδ400), can be calculated by the equation below:  

tanδ400=
𝐼2−𝐼1

𝐼1
                                                       (2) 

Where I1 and I2 were obtained from the I-E loop at 400 kV.mm-1, representing the absolute 

value of the current (in mA) at zero electric field and 400 kV.mm-1, respectively. The 

calculated results are plotted in Figure 4g. Consistent with the tanδ measured at low electric 

field, the charge-discharge efficiency and tanδ400 first increased and then decreased with the 

NDs content. The NDs-05, with 0.5 wt% NDs, achieved the lowest tanδ400 (~0.0416), while 

the η barely changed up to a filler loading of 2 wt% (maximum amount of NDs that could be 
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dispersed well in UHMWPE). The decreased dielectric loss both at low field and high field 

may be related to the robust interface between the NDs and UHMWPE and the effect of the 

surface of the NDs trapping and demobilizing impurities and mobile charges.49 However, 

when the filler content was increased to 5 wt%, aggregates appeared (Figure 1d) that acted 

as stress points, seriously decreasing the drawability of the UHMWPE matrix and causing 

more defects and even cracks. 

 

 

Figure 4.a)-f) the D-E loops and I-E loops of pure-DR60, NDs01-DR60, NDs03-DR60, 

NDs05-DR60, NDs2-DR60, NDs5-DR60 at 400kV/mm. g) The charge-discharge 

efficiency(η) and dielectric loss (tanδ400) of NDs/UHMWPE at 400kV/mm.  
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To verify the robust interface formed between the dodecane functionalities of NDs and 

UHMWPE and its benefits on dielectric properties, the NDs were heated at 450 oC for 30 

min in air to remove their organic coating before introducing them into UHMWPE films, 

followed by uniaxial drawing. XRD and FTIR characterization of the ‘bare’ NDs (BNDs) 

verified that the heating step removes all the dodecane groups without influencing the 

diamond core (Figure S1). 

Specimen BNDs2-DR60 (UHMWPE with 2wt% BNDs and draw ratio 60) shows a tanδ 

of ~0.008 at 10 kHz, which is higher than pure-DR60 (tanδ~0.007) and NDs2-DR60 

(tanδ~0.005) (Figure S2). Dielectric loss at 180 kV/mm (tanδ180) were also calculated 

from I-E Loop. BNDs2-DR60 shows 5 times higher loss (tanδ180~0.1229) than NDs2-

DR60 (tanδ180~0.0199) (Figure S3). After removing dodecane groups, the obtained BNDs 

are less compatible with UHMWPE, resulting in a poorer dispersion in the matrix (Figure 

S7) and a poorer interface, more vulnerable to external electric fields. Therefore, 

compared to NDs2-DR60 specimen, which can stand electric field higher than 400 

kV/mm, the BNDs2-DR60 specimen failed at an electric field of 200 kV/mm. Besides, 

the dielectric loss at low and high electric field also increased significantly. This 

demonstrates the critical importance of a suitable NDs surface functionalization on the 

ultimate nanocomposite properties. 

Figure 5a) shows the thermal conductivity of the drawn NDs/UHMWPE nanocomposites 

in the drawing direction. The very high thermal conductivity, compared with typical 

polymers, originates from the high orientation of molecular chain and nanofillers induced 

by solid-state drawing, and the formation of taut tie molecules, acting as inter-crystalline 

briges50, 51. The thermal conductivity in the drawing direction also increased with the NDs 

content, confirming the importance of the robust interface, which is consistent with the 
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dielectric results. The addition of 2 wt% NDs increased the thermal conductivity by 62% 

from 37 to 60 W∙m-1∙k-1. This value is much higher than, for instance, the reported NDs-

PDMS composites with randomly dispersed NDs, showing a 15% increase in thermal 

conductivity with 2wt% of NDs.52 We believe that the large increase of the thermal 

conductivity by NDs mainly comes from the non-crystalline region. Firstly, with the 

increasing crystallinity upon drawing (Figure 2c and f), the fraction of the NDs increases 

proportionally in the amorphous phase (the least thermally conductive phase) as NDs 

cannot be accommodated in the UHMWPE crystal lattice. Therefore, local thermally 

conductive pathways composed of highly aligned and thermally conductive NDs are 

formed between crystalline lamellas after uniaxial stretching (Figure S5). Secondly, 

Verified by Raman spectroscopy, DSC and 2-dimensional XRD (Figure 2), the chain 

orientation in non-crystalline region was also improved by the introduction of NDs.  Last 

but not least, the interfacial thermal resistance in polymer nanocomposites usually results 

from differences between phonon spectra of different phases and scattering at the 

interfaces, largely hindering the thermal conductance. 1 While in our case, considering 

that dodecane has a similar chemical structure and thus refractive index with the matrix, 

the interfacial thermal resistance between the nanofillers and UHMWPE is minimized. 53, 

54 As a result, The thermal conductivity of 60 W∙m-1∙k-1 of the NDs2-DR60 material is the 

highest value reported so far for any NDs-based polymer nanocomposite. 20, 21, 23, 24, 32, 52, 

55-59 However, further increasing the filler content from 2 wt% to 5 wt% produced very 

limited further enhancement (from 60 to 61 W∙m-1∙k-1). This may be caused by NDs 

agglomerates (Figure 1c) which deteriorates the film quality and reduces the chain 

mobility during drawing, resulting in a large number of voids and thus increased phonon 

scattering. 
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Figure 5. a) The thermal conductivity in the drawing direction of drawn nanocomposites 

with different NDs content and draw ratio of 60. Red bar represents measured thermal 

conductivity while the black line represents predicted thermal conductivity from 

Maxwell’s equation. b) dielectric loss (tan δ) at 1000 Hz and thermal conductivity of the 

best performance composite film in this work (NDs2-DR60) and other work in previous 

literature. 60,61,62,63,64,65,28,30,66,67,68, 69   

Maxwell’s equation (eq. 2) is an exact solution for the effect of randomly distributed and 

non-interacting spheres in a continuous medium.21, 70 This equation can be used to predict 

the thermal conductivity of the NDs/UHMWPE composites and verify the contribution 

of NDs. 

λc=λm
𝜆𝑓+2𝜆𝑚−2𝑉𝑓(𝜆𝑚−𝜆𝑓)

𝜆𝑓+2𝜆𝑚+𝑉𝑓(𝜆𝑚−𝜆𝑓)
                                  (3) 

λm, λc, λf and Vf represent the thermal conductivity of polymer matrix, composites, filler, 

and the volume fraction of the filler, respectively. In this work, λm is 37 W∙m-1∙K-1 for 

UHMWPE with 60 draw ratio; the λf is 2000 W∙m-1∙K-1.71 The prediction of the thermal 

conductivity of NDs/UHMWPE nanocomposites with 60 draw ratio according to eq (2) 

is shown in Figure 5a. The measured thermal conductivities are much higher than the 
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predicted values: for NDs2-DR60, the thermal conductivity (~60 W∙m-1∙K-1 ) is 57% 

higher than predicted values. The discrepancy between the experimental data and 

predicted data using Maxwell’s equation can be explained by the enhanced orientation 

and crystallinity upon uniaxial drawing. Figure 5b compares the results of thermal 

conductivity and dielectric loss at 1000 Hz in this work with the best results previously 

reported in the scientific literature. Our NDs2-DR60 film shows the best overall 

performance among polymeric dielectric thermal conductive composites with very high 

thermal conductivity but with low dielectric loss (see also Figure S4). 

4  CONCLUSION 

In summary, we have demonstrated that controlling the polymer/nanofiller interface and 

the orientation are effective strategies to overcome the typical detrimental effect of 

nanofillers on dielectric loss and high thermal resistance in polymer nanocomposites. 

Along with the positive effect of NDs on chain orientation of UHMWPE during uniaxial 

stretching, low dielectric loss (0.005) and very high thermal conductivity (60 W.m-1.k-1) 

is reported for NDs/UHMWPE nanocomposites films. These thermally conductive but 

electrically insulating films with very low loss could find application in thermal 

management, capacitor applications or as substrate material for high-speed signal 

transmission. 
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