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In general, thermally conductive mate-
rials include metals, ceramics, carbon 
materials, and polymer composites.[1,5–12] 
Compared with other thermally conduc-
tive materials, polymer composites have 
been explored extensively in the past 
decades due to their low density, ease 
of processing, high electrical resistivity 
and corrosion resistance.[2] Normally, 
the thermal conductivity of polymers is 
enhanced with highly thermal conduc-
tive additives but the increase in thermal 
conductivity is limited to less than one 
order of magnitude (<10 W m−1 K−1), 
resulting from the high thermal inter-
face resistance between the additive and 
the polymer matrix.[2,5,7] Also, polymer 
composites with a high concentration of 
fillers are nontransparent due to the vis-
ible light scattering and/or absorbance 
of fillers.

Ultradrawn, highly oriented and chain-extended polymers 
were studied extensively due to their high thermal conductivity 
and mechanical properties even without additives.[13–17] Solu-
tion-spun, ultradrawn ultrahigh molecular weight polyethylene 
(UHMWPE) fibers have a thermal conductivity between 10 and 
20 W m−1 K−1 which is at least one order of magnitude higher 
than that of isotropic polymers.[17] The maximum thermal con-
ductivity of ultradrawn nascent UHMWPE films with a draw 
ratio of more than 200 is ≈50 W m−1 K−1[16] and ultradrawn 
nanofibers with a thermal conductivity of ≈104 W m−1 K−1 were 
also reported with a draw ratio of ≈410.[13] Unfortunately, the 
latter results were obtained with rather unpractical processing 
and/or ultradrawing procedures which limits the usefulness of 
these fibers and films. In addition, it is tempting to expect that 
composites consisting of highly oriented systems with inor-
ganic fillers might have an even higher thermal conductivity.[2] 
However, inorganic fillers like graphene in ultradrawn poly-
mers usually cause defects and cracks at the interface between 
the filler and the highly anisotropic matrix.[18] These defects 
or cracks cause light scattering and premature fracture upon 
ultradrawing.[19–21] In other words, it remains a challenge to 
fabricate transparent ultradrawn polymer composite films with 
a high thermal conductivity without defects.

Here, a new route is presented to produce highly transparent 
(>90%), ultradrawn UHMWPE/graphene/BZT nanocomposite 
films with a high thermal conductivity (≈75 W m−1 K−1). A 
mixture of additives is used based on graphene and 2-(2H-ben-
zontriazol-2-yl)-4,6-ditertpentylphenol (BZT). Compared with 
the pure ultradrawn UHMWPE film, ultradrawn films with 

Transparent, ultradrawn, ultrahigh molecular weight polyethylene 
(UHMWPE)/graphene nanocomposite films with a high thermal conduc-
tivity are successfully fabricated by solution-casting and solid-state drawing. 
It is found that the low optical transmittance (<75%) of the ultradrawn 
UHMWPE/graphene composite films is drastically improved (>90%) by 
adding 2-(2H-benzontriazol-2-yl)-4,6-ditertpentylphenol (BZT) as a second 
additive. This high transmission is interpreted in terms of a reduced void 
content in the composite films and the improved dispersion of graphene both 
of which decrease light scattering. The high thermal conductivity is attributed 
to the π–π interaction between BZT and graphene. In addition, a high specific 
thermal conductivity of ≈75 W m−1 K−1 ρ−1 of the ultradrawn UHMWPE/
graphene/BZT composite films is obtained, which is higher than most metals 
and polymer nanocomposite. These transparent films are potentially excellent 
candidates for thermal management in various applications due to a combi-
nation of low density, ease of processing, and high thermal conductivity.

Thermal Conductive Films

Thermal management is vital to the lifetime and performance 
of a wide variety of electronic devices including solar cells, 
light-emitting diodes (LEDs) and chips.[1–3] With the widespread 
application of electronics, effective thermal management with 
thermally conductive materials has become a major techno-
logical challenge. Therefore, new and high thermally conduc-
tive materials with a high visible light transmission are needed, 
especially for the thermal management of windows.[3,4]

Adv. Mater. 2019, 31, 1904348
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BZT alone or graphene alone show little improvement in 
thermal conductivity or even a decreased thermal conduc-
tivity, while the thermal conductivity of ultradrawn UHMWPE/
graphene/BZT nanocomposite is enhanced with more than 
a factor 2, which illustrates that the inorganic filler is indeed 
effective in improving thermal conductivity. The mechanism of 
generating highly transparent, ultradrawn polymer nanocom-
posite films is presented. It is proposed that the BZT improves 
the dispersion of the graphene and decreases microvoids in the 
ultradrawn UHMWPE composite films.

UHMWPE films with draw ratios of 30 and 70 were fab-
ricated by simple solution-casting and solid-state drawing 
and the transparency of the films was studied using UV–vis 
spectroscopy. The UV–vis spectra of the films are shown in 
Figure S1 in the Supporting Information. Both light scattering 
and absorption of light are influenced by film thickness and in 
order to eliminate this effect the absorption was divided by the 
film thickness. Pure UHMWPE films (PE-30 and PE-70, respec-
tively) exhibit a slight deviation from a flat curve (Figure 1a,b) 
which is usually attributed to light scattering in the drawn films 
originating from microvoids parallel to the drawing direction.[22] 
The addition of graphene (GN) to the ultradrawn UHMWPE 
films (PE-GN-30 and PE-GN-70, respectively) increases the 
scattering of light enormously. Previously, we found that the 
addition of 2 wt% of BZT (without graphene) reduces this light 
scattering and transparent glass-like films are obtained in the 
visible wavelength range.[22] Therefore BZT was added to the 
UHMWPE/GN films. BZT shows a high absorbance of UV 
light and graphene also absorbs some light in the visible part 
of the spectrum (Figure 1c). The addition of both BZT (2 wt%) 

and graphene (0.1 wt%) to the ultradrawn UHMWPE films 
resulted in films with very little visible light scattering which 
appeared transparent upon visual inspection (Figure 1d,e). 
From these data, it is clear that there is a low visible light trans-
mission in ultradrawn PE-GN film due to light scattering while 
PE-BZT-GN films show a high visible light transmission and 
very little light scattering.

To further explore the role of BZT in the polymer nano-
composite film, ultradrawn films with different contents of 
graphene and a constant content of 2 wt% BZT were studied 
(Figure S2, Supporting Information). It was found that the 
transmittance at 550 nm did not follow Lambert–Beer's law at 
a graphene content above 0.2 wt% due to the aggregation of 
graphene particles (Figure S2, Supporting Information). The 
extinction coefficient of graphene in PE-BZT-GN films was cal-
culated from the slope below a graphene content of 0.2 wt% 
and was found to be ≈45.1 L g−1 cm−1) (Figure S2, Supporting 
Information), which indicates that the reduced transmittance 
of PE-BZT-GN film is mainly attributed to the absorbance of 
GN. The BZT content was also varied between 1 and 4 wt% at 
a constant graphene content (Figure S3, Supporting Informa-
tion) revealing no change in the visible light transmission of 
the film. Ultradrawn transparent films with 0.1 wt% graphene 
and 2 wt% BZT were studied in more detail as these films also 
showed a high thermal conductivity.

The films were further studied by optical microscopy, small-
angle light scattering (SALS), and wide-angle X-ray scattering 
(WAXS). PE-GN-30 films without BZT showed a lot of defects 
and aggregation (Figure 2a) and the defects increase in size 
with an increase in draw ratio (Figure 2a,c). The PE-BZT-GN 

Adv. Mater. 2019, 31, 1904348

Figure 1. a,b) UV–vis spectra of solution-cast, ultradrawn PE, PE-BZT, PE-GN, and PE-BZT-GN with draw ratios of 30 (a) and 70 (b). The absorption 
divided by the film thickness (Ã) is used to eliminate the effect of film thickness. c) UV–vis spectra of pure xylene, BZT-xylene solution, and graphene–
xylene dispersion. The concentration of graphene and BZT in xylene is 0.01 and 0.2 mg mL−1, respectively. d,e) Optical images of PE-GN (d) and  
PE-BZT-GN (e) ultradrawn films with a draw ratio of 30.
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films exhibit an improved dispersion of graphene with the 
addition of BZT (Figure 2b,d), which indicates that BZT is 
beneficial to the dispersion of the graphene nanoplatelets. 
SALS (Vv) patterns were measured to further characterize 
the light scattering in these ultradrawn films (Figure 2e–h). 
In accordance with previous studies, SALS (Vv) patterns were 
used because they are highly sensitive to the density fluctua-
tions and light scattering.[22] It was found that pure ultradrawn 
UHMWPE films exhibit light scattering perpendicular to the 
drawing direction of the films which is usually attributed to 
microvoids parallel to the drawing direction.[22] The addition 
of graphene to the ultradrawn UHMWPE films increases light 
scattering (Figure 2e) and the light scattering increases with 
the increasing draw ratio (Figure 2g), which is in agreement 
with the results in Figure 1. On the other hand, the ultradrawn 
films with BZT (Figure S4, Supporting Information) and BZT/
graphene mixtures (Figure 2f) hardly exhibit light scattering 
which is also in accordance with the absorption spectra in 
Figure 1. With an increasing draw ratio, the same phenomena 
are observed e.g., the light scattering is strongly reduced in 
ultradrawn UHMWPE films containing BZT (Figure S4, Sup-
porting Information) and BZT/graphene mixtures (Figure 2h). 
These results indicate that the increased light scattering in 
ultradrawn UHMWPE films upon addition of graphene can 
be circumvented by adding BZT. Apparently, BZT decreases 
the voids in ultradrawn UHMWPE composite films containing 

graphene and also improves the dispersion of graphene, both 
of which reduce light scattering enormously. WAXS measure-
ments of undrawn films and ultradrawn films are shown in 
Figure 2i–l. The unit cell parameters and the Herman's orien-
tation function of ultradrawn films were calculated and it was 
found that the addition of the graphene/BZT mixtures has no 
obvious effect on both the unit cell parameters and orientation 
of ultradrawn films (Figure S5, Supporting Information). The 
melting behavior of ultradrawn films and undrawn films was 
measured (Figures S6 and S7, Supporting Information). It was 
found that the ultradrawn films have a similar melting temper-
ature (Tm > 143 °C) and crystallinity (χc > 80%). Therefore, it is 
concluded that the addition of graphene and BZT has no sig-
nificant effect on the degree of chain orientation and extension, 
that BZT and graphene are not incorporated in the crystal 
lattice and that the melting temperature and crystallinity of 
ultradrawn composite films are not influenced to a large extent.

To explore the interaction between BZT and graphene, UV–
vis spectra were recorded as a function of the graphene content 
(Figure 3a; Figure S8a, Supporting Information). A redshift of 
about 3 nm is observed in the UV–vis spectra of BZT/graphene 
mixtures in comparison to the films containing graphene only. 
Furthermore, hyperchromicity is observed (Figure S8b, Sup-
porting Information) and the absorption peaks at 305 and 
350 nm increased with increasing contents of graphene, which 
suggests the presence of most likely π–π interaction between 

Adv. Mater. 2019, 31, 1904348

Figure 2. a–d) Optical images of PE-GN-30 (a), PE-BZT-GN-30 (b), PE-GN-70 (c), and PE-BZT-GN-70 (d) films (scale bar: 100 μm). e–h) SALS (Vv) 
images of PE-GN-30 (e), PE-BZT-GN-30 (f), PE-GN-30 (g), and PE-BZT-GN-70 (h) films. i–l) 2D wide-angle X-ray scattering (WAXS) images of PE-GN-1 
(i), PE-BZTGN-70 (j), PE-GN-1 (k), and PE-BZT-GN-70 (l) films.
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BZT and graphene.[23] This is further supported by Raman 
spectroscopy. Raman spectra of the films show peak shifts 
of BZT at 1380, 1448, and 1600 cm−1 (Figure 3b), which cor-
respond to the stretching mode of combination of CC and 
CN, combination of the stretching mode of NN and in-
plane bending mode of CH2 and the stretching mode of CC 
in the benzene ring, respectively (see also Figures S9 and S10 
in the Supporting Information).[24,25]

Normally, there are defects and voids in ultradrawn polyethy-
lene film (Figure S11a, Supporting Information), which can 
cause light and phonon scattering. Adding inorganic fillers like 
graphene causes a large number of additional defects at the 
interface between graphene and polyethylene in ultradrawn 
films, which mainly results in a large increase in light and 
phonon scattering and a decrease in visible light transmis-
sion (Figure S11b, Supporting Information). In PE-BZT-GN 
ultradrawn films, BZT apparently restricts the light scattering 
to some extent by filling the voids and it improves the dis-
persion of graphene in polyethylene (Figure 3c; Figure S11c, 
Supporting Information) both of which improve the visible 
transmission of ultradrawn PE-BZT-GN film.[21,22] BZT can fill 
in voids to reduce light scattering mainly due to the similar 
refractive index of BZT (nBZT = 1.575 and its structure as shown 
in Figure 3d) and PE (ny = 1.57 parallel to the drawing direction 
and nx = 1.52 perpendicular to the drawing direction as shown 
in Figure 3d).[26]

The thermal conductivity of the ultradrawn films with 
different draw ratios was measured using the Angstrom 
method.[27] The schematic diagram and calibration of the 
setup are shown in Figure S12 and Table S1 in the Supporting 

Information. The experimental data using this setup are com-
pared with data from the literature which indicates that the 
setup is accurate about 5%. The thermal conductivity of the 
pure solution-casting ultradrawn polyethylene films increases 
with an increasing draw ratio due to an increase in the degree 
of chain orientation and chain extension.[13] The addition 
of graphene and BZT increases the thermal conductivity of 
ultradrawn films with more than a factor 2, while the addition 
of BZT alone or graphene alone improves thermal conductivity 
a little bit or even has a negative effect (Figure 4a) because the 
voids or defects in the films increase phonon scattering which 
decreases the thermal conductivity.[2] Rather surprisingly, the 
thermal conductivity of ultradrawn films with both BZT and 
graphene increases quite a lot compared to the reference sam-
ples and a maximum thermal conductivity of 75 W m−1 K−1 is 
found at a draw ratio of 100.

It is assumed that the thermal conductivity in macromo-
lecular systems is dominated by phonon transport along the 
macromolecular chain and phonon scattering.[2,5,28] The high 
thermal conductivity of oriented and chain extended sys-
tems (without additives) in the alignment direction is usually 
attributed to a reduced phonon scattering.[13,14] In composite 
films without BZT, only weak van der Waals (vdW) interac-
tions can occur which is usually assumed to be not beneficial 
for phonon transport.[7] On the contrary, the π–π interaction 
in composite films containing both BZT and graphene could 
substantially enhance phonon transport.[8] Therefore, the high 
thermal conductivity of B2G1 ultradrawn film is attributed 
to the reduction of defects and voids and the π–π interaction 
between BZT and graphene.

Adv. Mater. 2019, 31, 1904348

Figure 3. a) Absorbance spectra of ultradrawn composite films with a draw ratio of 30. b) Raman spectra of BZT, undrawn B0G0 (pure PE), B2G0, and 
B2G1 film. BXGY represents the ultradrawn composite films with X wt% BZT and Y/10 wt% graphene. c) Schematic representation of the structure of 
ultradrawn PE film containing BZT and graphene. d) Refractive index of drawn PE films in different directions.
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As mentioned earlier, commercial solution-spun and 
ultradrawn UHMWPE fibers have a typical thermal conductivity 
of ≈15 W m−1 K−1[17] and ultradrawn UHMWPE films based on 
so-called nascent or virgin UHMWPE exhibit a thermal conduc-
tivity of ≈50 W m−1 K−1.[16] The maximum value for the thermal 
conductivity of B2G1 ultradrawn film is about threefold higher 
than that of stainless steel (≈18 W m−1 K−1) but lower in compar-
ison to metallic thermally conductive materials, such as copper 
(≈410 W m−1 K−1), aluminum (≈237 W m−1 K−1), and silver 
(≈403 W m−1 K−1). However, these metals are reflective and/or 
nontransparent which can be a limitation in specific applications. 
More importantly, in many applications the specific thermal con-
ductivity (e.g., per unit weight) is relevant especially if weight is 
an issue, for instance, to reduce fuel consumption in transport 
applications.[29,30] Therefore, the data are replotted in Figure 4b 
and it is shown that solution-casting ultradrawn UHMWPE 
films outperform steel and copper and that maximum values 
close to aluminum can be obtained which, of course, is also 
nontransparent (Table S2, Supporting Information).[2,5]

The effect of the content of the two additives was studied in 
detail (Figure 4c,d). The thermal conductivities of ultradrawn 
films increase with the increasing content of graphene. The 
increasing thermal conductivity could be attributed to the highly 
thermal conductive of graphene. However, graphene could not be 
dispersed well in the polymer matrix when its content is higher 
than 0.1 wt% (Figure S2, Supporting Information). In addition, 
it is shown that the thermal conductivity first increases with an 
increasing BZT content and then declines again (Figure 4d). It is 

proposed that the initial increase originates from the decreasing 
voids and the π–π interaction and the decrease is caused by the 
addition of an excess of BZT with the low thermal conductivity.

In this work, highly transparent, ultradrawn UHMWPE/
graphene nanocomposite films without light scattering were 
fabricated by adding small amounts of BZT via solution-casting 
and solid-state drawing. These transparent films possessed a 
high specific thermal conductivity, which is higher than that of 
most metals. The high transmission was interpreted in terms 
of a reduced void content inside the composite films and the 
improved dispersion of graphene. WAXS and different scan-
ning calorimetry (DSC) results showed that adding BZT and 
graphene had no obvious effect on the crystal structure, orienta-
tion, crystallinity, and melting temperature of ultradrawn com-
posite films. These transparent films are potentially excellent 
candidates for thermal management due to a combination of 
low density, ease of processing, and high thermal conductivity.

Experimental Section
Materials: UHMWPE with a molecular weight (Mw) ≈ 4 × 103 kg mol−1  

and dispersity index (Ð) ≈7 was received from DSM (Geleen, The 
Netherlands) and graphene nanoplatelets (particle size < 2 μm, specific 
surface area ≈750 m2 g−1) were purchased from Sigma-Aldrich. BZT 
was purchased from BASF (Germany). Paraffin oil was purchased from 
Thermo Fisher Scientific Incorporated (The Netherlands). Xylene was 
purchased from Biosolve BV (The Netherlands). All reagents were used 
directly as received without further purification.

Adv. Mater. 2019, 31, 1904348

Figure 4. a) Comparison of thermal conductivity for different polyethylene samples as a function of draw ratio. The measurement was repeated at 
least four times and the average data were calculated. b) The specific thermal conductivity of different materials. Here, nascent PE,[16] PE fibers,[17] and 
ultradrawn PE films[31] (without additives) are used as references materials. The transmission of PE fibers and nascent PE was estimated based on the 
data of pure PE film. c,d) The thermal conductivity of ultradrawn films with different contents of graphene (c) and BZT (d).
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Fabrication: Ultradrawn UHMWPE films were prepared by solution-
casting and solid-state drawing. Pure UHMWPE, UHMWPE with BZT, 
UHMWPE with graphene, UHMWPE with both BZT and graphene were 
prepared and were defined as PE-X, PE-BZT-X, PE-GN-X, and PE-BZT-
GN-X, respectively. Here, X represents the draw ratio of the films. First, 
graphene (0.05, 0.1, 0.2, 0.3, and 0.5 wt% to UHMWPE) and BZT (2 wt% 
to UHMWPE) were dispersed in 200 mL xylene under ultrasonication 
for 30 min. UHMWPE powder and antioxidant Irganox 1010 (0.1 wt% to 
UHMWPE) were then added to the dispersion before degassing with a 
second ultrasonication 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 heated for 
2 h to completely dissolve the UHMWPE in the xylene. The solutions 
were cast in aluminum trays and quenched to room temperature. 
A dry film was obtained after xylene evaporation at room temperature. 
UHMWPE films without graphene and/or BZT were produced using 
the same procedure. To prepare ultradrawn films, the as-prepared cast 
films were first cut into small strips with dimensions of 12 mm × 15 mm 
which were ultradrawn at 120 °C. The draw ratio was determined by 
measuring the displacement of ink marks.

Analytical Techniques: The transmittance spectra of films were 
measured in the range of 300–800 nm on a Shimadzu (Japan) 
UV-3102 PC spectrophotometer at a 1 nm interval. The UV–vis was 
equipped with an MPC-3100 multipurpose large sample compartment. 
The samples were sandwiched between two glass slides and were 
coated with few drops of paraffin oil to avoid surface light scattering.[22] 
A sample to detector distance of about 85 cm was employed. In a few 
cases, the paraffin oil was replaced by a thermoplastic polyurethane 
(TPU) and a laminate was made by compression molding at 100 °C.

Optical microscopy images of samples were performed on a Leica DM 
2700M microscopy without polarizers. SALS patterns were measured 
using a He–Ne gas laser (wavelength: 632 nm) and Vv patterns were 
obtained with the polarizer and analyzer parallel. The drawing direction 
of the ultradrawn film was always perpendicular to both the polarizer 
and the analyzer as shown in Figure 2.

DSC experiments were performed on a TA Instruments Q2000 
calorimeter. The samples were heated and cooled at a rate of 10 °C min−1 
between 25 and 180 °C with an isothermal equilibration of 3 min after 
each heating or cooling ramp and three heating/cooling cycles were 
performed. The degree of crystallinity χc was calculated using Equation (1)

χ = ∆
∆c

m

m
100%

H
H  (1)

Here, ∆ mH  and ∆ m
100%H  are respectively the measured melting 

enthalpy and the melting enthalpy of 100% crystalline PE (≈293 W g−1).[32]

WAXS measurements were performed on a Ganesha lab instrument 
equipped with a Genix-Cu ultralow divergence source producing X-ray 
with a wavelength of 1.54 Å and a flux of 1 × 108 photons s−1. Diffraction 
patterns were collected on a Pilatus 300 K silicon pixel detector which 
consists of three plates with a 17 pixels spacing in between, resulting in 
two dark bands on the image. The intensity versus the scattering vector (q) 
was obtained by azimuthal integration of the obtained diffraction patterns. 
The unit cell parameters of the orthorhombic crystal lattice and Herman’s 
orientation function of the polyethylene crystals were calculated.[33]

Thermal conductivities of ultradrawn composite films were 
characterized based on the Angstrom method.[27] The thermal 
conductivity (K) was calculated using the following Equation (2)

ρ α= × ×HK C  (2)

Here, CH is the heat capacity (≈1.8 J kg−1 K−1) of samples, ρ is the 
density (≈1000 kg m−3) of samples, and α is the thermal diffusivity (m2 s−1).

The thermal diffusivity (α) was calculated using Equation (3)

α ( )=
∆

∆2 ln

2

1

2

x

t
A
A

 (3)

Here, Δx is the distance between thermocouples (m), Δt (s) is the 
phase difference between the temperature of the thermocouples, A1 and 
A2 are the temperature amplitudes at the testing points 1 and 2 on the 
film as shown in Figure S12 in the Supporting Information.

The heater temperature (T) was set following a sine function 
(Equation (4))

π( )= +10 sin 55T tf  (4)

Here, t is time (s), f is frequency (s−1), and its value is 0.02.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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