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Abstract: Thermal conductivity (k) of polymers is usually limited to low values of ~0.5 Wm−1 K−1
in comparison to metals (>20 Wm−1 K−1 ). The goal of this work is to enhance thermal conductivity
(k) of polyethylene–graphene nanocomposites through simultaneous alignment of polyethylene
(PE) lamellae and graphene nanoplatelets (GnP). Alignment is achieved through the application
of strain. Measured values are compared with predictions from effective medium theory. A twin
conical screw micro compounder is used to prepare polyethylene–graphene nanoplatelet (PE-GnP)
composites. Enhancement in k value is studied for two different compositions with GnP content of
9 wt% and 13 wt% and for applied strains ranging from 0% to 300%. Aligned PE-GnP composites
with 13 wt% GnP displays ~1000% enhancement in k at an applied strain of 300%, relative to k of
pristine unstrained polymer. Laser Scanning Confocal Microscopy (LSCM) is used to quantitatively
characterize the alignment of GnP flakes in strained composites; this measured orientation is used as
an input for effective medium predictions. These results have important implications for thermal
management applications.
Keywords: thermal conductivity; strain; alignment effect; polymers; graphene; nanocomposites

1. Introduction:
Miniaturization accompanied with integration of additional functionalities in electronic devices
has resulted in a continuous increase in power dissipation. Efficient heat dissipation in these devices
is crucial to maintain chip temperatures below permissible levels allowing optimum performance
and reliable service life [1,2]. Lightweight polymer composites with enhanced thermal conductivity
can enable dissipating required levels of heat fluxes. The goal of this research is to enhance thermal
conductivity of polyethylene using graphene nanoplatelets (GnPs) as a filler by simultaneously aligning
polyethylene lamellae and GnPs along the direction of heat transfer.
Polymers are used in a wide spectrum of applications ranging from electronic packaging to
aerospace materials. Because of their unique advantages such as light weight, good chemical resistance,
good corrosion resistance, and excellent processability, polymers provide avenues to replace metals in
thermal management applications [3–6]. Polymers, however, typically have lower thermal conductivity
(<0.5 Wm–1 K–1 ) compared to metals (>20 Wm–1 K–1 ), which limits their application in thermal
management. The low thermal conductivity of polymers is in part due to the random orientation
of polymer lamellae (crystalline regions) and presence of amorphous regions in between crystalline
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regions. Entanglement and impurities present in those regions lead to an increase in phonon scattering
which diminishes thermal transport [7]. Studies have shown that orienting polymer chains along
one direction can lead to significant enhancement in k [7–11]. Several methods for inducing polymer
chain orientation have been investigated, which include deformation by simple shear [11], mechanical
strain [12], gel spinning [13–15] and super drawing [16–18]. Singh et al. achieved 20-fold enhancement
in k value (4.4 Wm–1 K–1 ) of a vertically aligned array of polythiophene fibers by electropolymerization,
in comparison to bulk polymer, due to aligned chain orientation [19]. The k of a single PE fiber with
ultra-aligned PE chains was measured to be 104 Wm–1 K–1 , almost 200 times larger than the k of bulk PE
(∼0.5 Wm–1 K–1 ) [20]. In another report, Ghasemi et al. found that alignment of polymer chains resulted
in a thermal conductivity of ∼16 Wm–1 K–1 in polyethylene films [21], at draw ratios approaching ∼100.
Choy and co-workers [22] investigated both in plane and out-of-plane thermal conductivity of oriented
high-density polyethylene and found the in-plane k value to increase to 14 Wm–1 K–1 at 300K for an
applied strain of 2500%.
Graphene has emerged as a superior nanofiller compared to carbon nanotubes for enhancing
thermal conductivity of polymer composites, owing to its lower thermal boundary resistance (TBR) [23]
with polymers in comparison to carbon nanotubes (CNTs). The estimated range of TBR between
CNTs and the polymer matrix is 10–8 –10–7 m2 K W–1 [24], whereas the TBR of GnPs is in the range of
~10–9 m2 K W–1 [23]. This lower TBR allows efficient heat transfer between polymer and graphene,
leading to overall higher thermal conductivity.
While graphene has very high in-plane thermal conductivity (~1500–5000 Wm–1 K–1 ) [25,26],
its out-of-plane k value is low ∼10–20 Wm–1 K–1 [27]. A random orientation of GnPs causes significant
heat to be partly conducted along the less efficient out-of-plane direction, limiting the contribution of
GnPs to the enhancement of k along a particular direction. Alignment achieves full advantage of the
high in-plane k of GnPs in enhancing overall composite k along a given direction. Several studies have
addressed the alignment of nanofiller. Different approaches like mechanical stretching [28], electric
field [29–31] and magnetic field [32–34] have been used for orientation of nanofillers. Mechanical
stretching has been used for alignment of both the polymer matrix [35,36] and dispersed filler
material [37,38]. Amy et al. reported an enhancement in k by a factor of 18 in epoxy-CNT composites with
densely aligned arrays of CNTs [39]. Yan et al. used magnetic field to align magnetic GnP-Fe3 O4 particles
in epoxy composites and found it to enhance the k value of epoxy by almost 40% in comparison
with randomly oriented GnPs [34]. Song et al. used a self-alignment method and achieved a k value
of 6.168 Wm–1 K–1 for nano fibrillated cellulose (NFC)/reduced graphene oxide (RGO) nanosheets
composite film [40].
Simultaneous alignment of both the polymer lamellae and GnPs along a given direction can
result in significant enhancement in thermal conductivity values along that direction. In this study,
we explore such simultaneous alignment effect by using mechanical strain; thermal conductivity
of PE-GnP composites is measured using the Angstrom method [41]. Laser Scanning Confocal
Microscopy [42,43] is used to visualize GnP alignment within composite samples and ImageJ Software
(v1.53c) is used to derive quantitative information regarding the average angle of orientation of GnPs
with respect to the direction of applied strain for different strains. Characterization of GnP using
confocal microscopy is a unique technique to observe the changes in alignment with applied strain,
both visually as well as quantitatively. Scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy and Atomic force microscopy (AFM) are used to characterize
GnPs. Finally, measured enhancement in k value is compared with predictions of effective medium
theory [44].
2. Experimental Work
Polyethylene–graphene nanocomposites were prepared using a DSM Xplore micro-compounder
(Xplore Instruments, Netherlands) (Figure S1) and mechanically strained using motorized slide
(Figure S2). The processes involved in preparing the composites and mechanically straining them are
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2.5. Effective Medium Theory (EMT)
The measured effect of alignment on the enhancement of thermal conductivity is also compared
against predictions of effective medium theory. We use the effective medium theory presented by Nan
et al. [44] as it can account for both orientation of the dispersed phase as well as interfacial thermal
resistance between dispersed particles and polymer matrix. According to the theory, the effective
thermal conductivity of aligned PE-GnP composite can be predicted by using the following equation,

ke f f ective = km

h



i
2 + f β11 (1 − L11 ) 1 + hcos2 θi + β33 (1 − L33 ) 1 − hcos2 θi
2 + f [β11 L11 (1 + hcos2 θi) + β33 L33 (1 − hcos2 θi)]

(1)

where km is the thermal conductivity of pristine polymer and ke f f ective is the effective thermal conductivity
of polymer–graphene nanocomposite with a volume fraction, f , of GnPs. The orientation of GnPs is
taken into account in the above equation through the parameter hcos2 θi, where θ is the angle between
GnPs and the draw direction, and hcos2 θi is an ensemble averaged value of cos2 θ over all GnPs
(hcos2 θi = 1/3 for a completely random orientation and hcos2 θi = 1 for perfectly aligned GnPs).
Lii are geometrical parameters and depend upon the aspect ratio (p) of graphene nanoparticle
(aspect ratio is the ratio of the thickness, t, to the lateral dimension, L, of the nanoplatelets). For oblate
inclusions such as nanoplatelets, where p = t/L < 1, these geometrical parameters, Lii , are computed
using the following equations
L11 = L22 =

p2
p
cos−1 p
+
2(p2 − 1) 2(1 − p2 )3/2
L33 = 1 − 2L11

(2)
(3)

The parameters βii in Equation (1) above are computed using,
βii =

Kiic − km


km + Lii Kiic − km

(4)

where, Kiic are the effective values of nanoplatelet thermal conductivity along different cartesian
directions, based on including the effect of interface thermal resistance. The effective thermal
c and Kc ) and out-of-plane (Kc ) are, respectively,
conductivities of the nanoplatelet along in-plane (K11
22
33
c
c
K11
= K22
=

c
K33
=

kin
1 + γL11 kin /km

kout
1 + γL33 kout /km

(5)

(6)

where, γ = (1 + 2p)α and α (= Rkm /t) is a dimensionless parameter related to interface thermal
resistance, R. kin and kout represent the in-plane and out-of-plane thermal conductivity of graphene
nanoplatelet (GnP), respectively.
3. Result and Discussion
Measured thermal conductivity values of PE-GnP composites with 9 wt% and 13 wt% GnP content
with strains between 0% to 300% are displayed in Figure 5. Thermal conductivity values for pure PE
are also presented for comparison.
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Table 1. Enhancement in thermal conductivity of graphene-polymer nanocomposites through
alignment effect.
Material

Filler
Content

k (in plane)
(Wm−1 K−1 )

Method of Alignment

Ref

GDY/PVDF a
GNS/NR b
GnP/LDPE c
GnP/PS d
GWF e /Polyamide
GnP/Epoxy
GNS/PFA f
CF g /PA6
GNP − E paper h /CF
GnP/PE

1 wt%
5.78 wt%
7.5 wt%
10 wt%
12 wt%
15 wt%
30 wt%
30 wt%
35 wt%
13 wt%

3.86
3.62
2
0.244
3.73
2.1
2.39
0.32
20
5.5

Hot press
Vulcanization pressure
Flow induced
Hot press
Layer by layer stacking
Z-pinning
Hot compression
Thermal annealing
Compression
Mechanical Strain

[46]
[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]
This work

a

GDY/PVDV- Graphdiyne/Polyvinylidene fluoride; b GNS/NR- Graphene Nanosheet/Natural Rubber; c LDPE- Low
Density Polyethylene; d PS- Polystyrene; e GWF - Graphene woven fabric; f PFA- Perfluoroalkoxy; g CF- Carbon
fiber; h GnP-E paper- Epoxy coated GnP.

To achieve prediction through effective medium theory, we derived alignment of nanoplatelets
using confocal microscopy. While the effect of strain on the alignment of polymer lamellae has been
quantified in our earlier works through the use of wide-angle X-ray scattering (WAXS) [43], this work
is the first to quantify alignment of GnPs in strained samples using confocal microscopy. For 9 wt%
PE-GnP nanocomposite, the average angle of GnPs with respect to draw direction was measured to
decrease from 39◦ for 0% strain to 25.7◦ for 300% (Table 2).
Table 2. Measured angle of orientation of GnPs for 9 wt% & 13 wt% PE-GnP composite.
Strain

9 wt% PE-GnP

13 wt% PE-GnP

Angle (hθi)

hcos2 θi

Angle (hθi)

hcos2 θi

0%

39.03

0.577

41.33

0.542

100%

32.41

0.668

28.00

0.722

200%

26.98

0.740

25.50

0.756

300%

25.68

0.756

25.00

0.751

Analysis for the 13 wt% sample showed a similar decrease in GnP angle from 41.3◦ for zero strain
to 25.0◦ for the sample with 300% applied strain. Clearly, as the applied strain is increased, the average
angle between GnP and stretching direction decreases, indicating progressive alignment of GnPs.
These angles were used as an input for effective medium theory. For k prediction, lateral
dimension (L) and thickness (t) of GnPs were taken to be 5 µm and 60 nm, respectively. Interfacial
thermal resistance (R) is assumed to be 5 ×10–8 m2 K/W [24], while in-plane (kin ) and out-of-plane
(kout ), thermal conductivity of GnPs are taken to be 1000 Wm–1 K–1 and 10 Wm–1 K–1 , respectively.
Figure 5 shows a reasonable agreement between measurements and predictions based on the above set
of parameters.
A limitation of the effective medium model used in this work, involves the assumption of isotropic
thermal conductivity for the base polymer matrix. However, this assumption is true only for the
unstrained polymer. For strained polymer, the thermal conductivity along the strained direction
is significantly higher compared to other two directions. In this work, the value of base polymer
matrix thermal conductivity (km ) was taken to be the thermal conductivity along the strained direction.
Clearly, this overestimates the average polymer matrix thermal conductivity. The predicted values
thus represent an upper bound of the thermal conductivity of aligned composites.
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4. Conclusions
In this work, we studied the effect of simultaneous alignment of polyethylene lamellae and
graphene nanoplatelets on the thermal conductivity enhancement of PE-GnP nanocomposites.
The nanocomposites were fabricated using the melt-mixing method, using a micro-compounder
followed by compression molding. Alignment effect was achieved through mechanical stretching of the
prepared composites. Laser Scanning Confocal Microscopy (LSCM) was used to quantitatively study
the alignment of graphene nanoplatelets. Thermal conductivity of composites along strain direction
was measured using the Angstrom method. PE-GnP composites with two different GnP contents of 9
wt% and 13 wt% were studied. The average angle between GnPs and strain direction was measured to
decrease from 39◦ for 0% strain to 25.7◦ for 300% strain for the 9 wt% sample, and from 41◦ to 25.0◦ for
the 13 wt% sample, for the same increase in strain, indicating progressive alignment of GnPs with
increasing strain. The thermal conductivity of nanocomposites with 9 wt% and 13 wt% composition
increased from 1.23 Wm–1 K–1 and 2.16 Wm–1 K–1 for the unstrained case to 5.03 Wm–1 K–1 (9 wt%) and
5.55 Wm–1 K–1 (13 wt%), respectively, for an applied strain of 300%, indicating the beneficial effect of
GnP alignment. These experimental values were also found to be in good agreement with theoretical
prediction based on effective medium theory.
Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/7/1291/s1,
Experimental materials and method are described in this section. Figure S1 shows (a) DSM Xplore
micro-compounder (b) twin screws used for melt- mixing polymer and graphene within the micro-compounder
(c) polyethylene (PE) powder and graphene nanoplatelets (GnP) and (d) prepared PE-GnP composite sample after
compression molding. Figure S2 displays (a) Experimental setup for stretching PE-GnP composites (b) Stretched
PE-GnP specimen. Figure S3 shows the experimental setup for measurement of thermal conductivity using the
Angstrom method.
Author Contributions: Conceptualization, F.T., and J.G.; Data curation, F.T., R.M.; Formal analysis, F.T., R.S.A.;
Funding acquisition, J.G.; Investigation, F.T., R.M.; Methodology, F.T., and J.G.; Project administration, J.G.;
Resources, T.G., and J.G.; Supervision, J.G.; Visualization, F.T., R.S.A., and R.M.; Writing – original draft, F.T.;
Writing – review & editing, R.M., R.S.A., T.G., and J.G. All authors have read and agreed to the published version
of the manuscript.
Funding: FT, RM, RSA and JG acknowledge financial support from National Science Foundation CAREER award
under Award No. 1847129.
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DSM Micro compounder.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.
6.

7.

8.

Balandin, A. New Materials and Designs can Keep Chips Cool. invited feature. IEEE Spectr. 2009, 29.
Li, A.; Zhang, C.; Zhang, Y.F. Thermal conductivity of graphene-polymer composites: Mechanisms, properties,
and applications. Polymers 2017, 9, 437.
Araby, S.; Meng, Q.; Zhang, L.; Zaman, I.; Majewski, P.; Ma, J. Elastomeric composites based on carbon
nanomaterials. Nanotechnology 2015, 26, 112001. [CrossRef] [PubMed]
Kuilla, T.; Bhadra, S.; Yao, D.; Kim, N.H.; Bose, S.; Lee, J.H. Recent advances in graphene based polymer
composites. Prog. Polym. Sci. 2010, 35, 1350–1375. [CrossRef]
T’Joen, C.; Park, Y.; Wang, Q.; Sommers, A.; Han, X.; Jacobi, A. A review on polymer heat exchangers for
HVAC&R applications. Int. J. Refrig. 2009, 32, 763–779.
Yu, A.; Ramesh, P.; Sun, X.; Bekyarova, E.; Itkis, M.E.; Haddon, R.C. Enhanced thermal conductivity in a
hybrid graphite nanoplatelet–carbon nanotube filler for epoxy composites. Adv. Mater. 2008, 20, 4740–4744.
[CrossRef]
Zhang, R.C.; Huang, Z.; Sun, D.; Ji, D.; Zhong, M.; Zang, D.; Xu, J.Z.; Wan, Y.; Lu, A. New insights into
thermal conductivity of uniaxially stretched high density polyethylene films. Polymer 2018, 154, 42–47.
[CrossRef]
Choy, C.; Kwok, K.; Leung, W.; Lau, F.P. Thermal conductivity of poly (ether ether ketone) and its short-fiber
composites. J. Polym. Sci. Part B Polym. Phys. 1994, 32, 1389–1397. [CrossRef]

Nanomaterials 2020, 10, 1291

9.
10.
11.
12.
13.
14.
15.
16.
17.
18.

19.

20.
21.

22.
23.
24.
25.
26.

27.
28.
29.
30.

10 of 12

Hansen, D.; Bernier, G. Thermal conductivity of polyethylene: The effects of crystal size, density and
orientation on the thermal conductivity. Polym. Eng. Sci. 1972, 12, 204–208. [CrossRef]
Nielsen, L.E. Cross-linking–effect on physical properties of polymers. J. Macromol. Sci. Part C 1969, 3, 69–103.
[CrossRef]
Yu, J.; Sundqvist, B.; Tonpheng, B.; Andersson, O. Thermal conductivity of highly crystallized polyethylene.
Polymer 2014, 55, 195–200. [CrossRef]
Muthaiah, R.; Garg, J. Temperature effects in the thermal conductivity of aligned amorphous polyethylene—A
molecular dynamics study. J. Appl. Phys. 2018, 124, 105102. [CrossRef]
Anandakumaran, K.; Roy, S.; Manley, R.S.J. Drawing-induced changes in the properties of polyethylene
fibers prepared by gelation/crystallization. Macromolecules 1988, 21, 1746–1751. [CrossRef]
Choy, C.; Fei, Y.; Xi, T. Thermal conductivity of gel-spun polyethylene fibers. J. Polym. Sci. Part B Polym.
Phys. 1993, 31, 365–370. [CrossRef]
Mergenthaler, D.; Pietralla, M.; Roy, S.; Kilian, H. Thermal conductivity in ultraoriented polyethylene.
Macromolecules 1992, 25, 3500–3502. [CrossRef]
Choy, C.; Leung, W. Thermal conductivity of ultradrawn polyethylene. J. Polym. Sci. Polym. Phys. Ed. 1983,
21, 1243–1246. [CrossRef]
Choy, C.; Wong, Y.; Yang, G.; Kanamoto, T. Elastic modulus and thermal conductivity of ultradrawn
polyethylene. J. Polym. Sci. Part B Polym. Phys. 1999, 37, 3359–3367. [CrossRef]
Kanamoto, T.; Tsuruta, A.; Tanaka, K.; Takeda, M.; Porter, R.S. Super-drawing of ultrahigh molecular weight
polyethylene. 1. Effect of techniques on drawing of single crystal mats. Macromolecules 1988, 21, 470–477.
[CrossRef]
Singh, V.; Bougher, T.L.; Weathers, A.; Cai, Y.; Bi, K.; Pettes, M.T.; McMenamin, S.A.; Lv, W.; Resler, D.P.;
Gattuso, T.R. High thermal conductivity of chain-oriented amorphous polythiophene. Nat. Nanotechnol.
2014, 9, 384. [CrossRef]
Shen, S.; Henry, A.; Tong, J.; Zheng, R.; Chen, G. Polyethylene nanofibres with very high thermal conductivities.
Nat. Nanotechnol. 2010, 5, 251. [CrossRef]
Ghasemi, H.; Thoppey, N.; Huang, X.; Loomis, J.; Li, X.; Tong, J.; Wang, J.; Chen, G. High thermal conductivity
ultra-high molecular weight polyethylene (UHMWPE) films. In Proceedings of the Fourteenth Intersociety
Conference on Thermal and Thermomechanical Phenomena in Electronic Systems (ITherm), Orlando, FL,
USA, 27–30 May 2014; pp. 235–239.
Choy, C.; Luk, W.; Chen, F. Thermal conductivity of highly oriented polyethylene. Polymer 1978, 19, 155–162.
[CrossRef]
Shahil, K.M.; Balandin, A.A. Graphene–multilayer graphene nanocomposites as highly efficient thermal
interface materials. Nano Lett. 2012, 12, 861–867. [CrossRef] [PubMed]
Huxtable, S.T.; Cahill, D.G.; Shenogin, S.; Xue, L.; Ozisik, R.; Barone, P.; Usrey, M.; Strano, M.S.; Siddons, G.;
Shim, M. Interfacial heat flow in carbon nanotube suspensions. Nat. Mater. 2003, 2, 731. [CrossRef] [PubMed]
Balandin, A.A.; Ghosh, S.; Bao, W.; Calizo, I.; Teweldebrhan, D.; Miao, F.; Lau, C.N. Superior thermal
conductivity of single-layer graphene. Nano Lett. 2008, 8, 902–907. [CrossRef] [PubMed]
Mehrali, M.; Latibari, S.T.; Mehrali, M.; Mahlia, T.M.I.; Metselaar, H.S.C.; Naghavi, M.S.; Sadeghinezhad, E.;
Akhiani, A.R. Preparation and characterization of palmitic acid/graphene nanoplatelets composite with
remarkable thermal conductivity as a novel shape-stabilized phase change material. Appl. Therm. Eng. 2013,
61, 633–640. [CrossRef]
Balandin, A.A. Thermal properties of graphene and nanostructured carbon materials. Nat. Mater. 2011, 10,
569. [CrossRef]
Wang, Q.; Dai, J.; Li, W.; Wei, Z.; Jiang, J. The effects of CNT alignment on electrical conductivity and
mechanical properties of SWNT/epoxy nanocomposites. Compos. Sci. Technol. 2008, 68, 1644–1648. [CrossRef]
Prasse, T.; Cavaille, J.Y.; Bauhofer, W. Electric anisotropy of carbon nanofibre/epoxy resin composites due to
electric field induced alignment. Compos. Sci. Technol. 2003, 63, 1835–1841. [CrossRef]
Ladani, R.B.; Wu, S.; Kinloch, A.J.; Ghorbani, K.; Zhang, J.; Mouritz, A.P.; Wang, C.H. Improving the
toughness and electrical conductivity of epoxy nanocomposites by using aligned carbon nanofibres. Compos.
Sci. Technol. 2015, 117, 146–158. [CrossRef]

Nanomaterials 2020, 10, 1291

31.

32.

33.

34.
35.
36.
37.

38.
39.

40.
41.

42.

43.

44.
45.
46.
47.

48.
49.

50.

11 of 12

Rozynek, Z.; de Lima Silva, S.M.; Fossum, J.O.; da Silva, G.J.; de Azevedo, E.N.; Mauroy, H.; Plivelic, T.S.
Organoclay polypropylene nanocomposites under different electric field strengths. Appl. Clay Sci. 2014, 96,
67–72. [CrossRef]
Jiao, W.; Shioya, M.; Wang, R.; Yang, F.; Hao, L.; Niu, Y.; Liu, W.; Zheng, L.; Yuan, F.; Wan, L. Improving the
gas barrier properties of Fe3 O4 /graphite nanoplatelet reinforced nanocomposites by a low magnetic field
induced alignment. Compos. Sci. Technol. 2014, 99, 124–130. [CrossRef]
Wu, S.; Ladani, R.B.; Zhang, J.; Kinloch, A.J.; Zhao, Z.; Ma, J.; Zhang, X.; Mouritz, A.P.; Ghorbani, K.;
Wang, C.H. Epoxy nanocomposites containing magnetite-carbon nanofibers aligned using a weak magnetic
field. Polymer 2015, 68, 25–34. [CrossRef]
Yan, H.; Tang, Y.; Long, W.; Li, Y. Enhanced thermal conductivity in polymer composites with aligned
graphene nanosheets. J. Mater. Sci. 2014, 49, 5256–5264. [CrossRef]
Aggarwal, S.L.; Tilley, G.P.; Sweeting, O.J. Changes in orientation of crystallites during stretching and
relaxation of polyethylene films. J. Polym. Sci. 1961, 51, 551–568. [CrossRef]
Vancso, G.; Snétivy, D.; Tomka, I. Structural changes during polystyrene orientation: A study of optical
birefringence and wide angle X-ray scattering. J. Appl. Polym. Sci. 1991, 42, 1351–1359. [CrossRef]
Yao, S.H.; Yuan, J.K.; Zhou, T.; Dang, Z.M.; Bai, J. Stretch-modulated carbon nanotube alignment in
ferroelectric polymer composites: Characterization of the orientation state and its influence on the dielectric
properties. J. Phys. Chem. C 2011, 115, 20011–20017. [CrossRef]
Ahir, S.; Huang, Y.; Terentjev, E. Polymers with aligned carbon nanotubes: Active composite materials.
Polymer 2008, 49, 3841–3854. [CrossRef]
Marconnet, A.M.; Yamamoto, N.; Panzer, M.A.; Wardle, B.L.; Goodson, K.E. Thermal conduction in aligned
carbon nanotube–polymer nanocomposites with high packing density. ACS Nano 2011, 5, 4818–4825.
[CrossRef]
Song, N.; Jiao, D.; Ding, P.; Cui, S.; Tang, S.; Shi, L. Anisotropic thermally conductive flexible films based on
nanofibrillated cellulose and aligned graphene nanosheets. J. Mater. Chem. C 2016, 4, 305–314. [CrossRef]
Zhu, Y. Heat-loss modified Angstrom method for simultaneous measurements of thermal diffusivity and
conductivity of graphite sheets: The origins of heat loss in Angstrom method. Int. J. Heat Mass Transf. 2016,
92, 784–791. [CrossRef]
Yazdani, H.; Smith, B.E.; Hatami, K. Multi-walled carbon nanotube-filled polyvinyl chloride composites:
Influence of processing method on dispersion quality, electrical conductivity and mechanical properties.
Compos. Part A Appl. Sci. Manuf. 2016, 82, 65–77. [CrossRef]
Saeidijavash, M.; Garg, J.; Grady, B.; Smith, B.; Li, Z.; Young, R.J.; Tarannum, F.; Bekri, N.B. High thermal
conductivity through simultaneously aligned polyethylene lamellae and graphene nanoplatelets. Nanoscale
2017, 9, 12867–12873. [CrossRef] [PubMed]
Nan, C.W.; Birringer, R.; Clarke, D.R.; Gleiter, H. Effective thermal conductivity of particulate composites
with interfacial thermal resistance. J. Appl. Phys. 1997, 81, 6692–6699. [CrossRef]
Wilson, T.; Carlini, A. Three-dimensional imaging in confocal imaging systems with finite sized detectors.
J. Microsc. 1988, 149, 51–66. [CrossRef]
Yu, J.; Wang, M.; Liao, M.; Li, L.; Li, M.; Chen, Y.; Hou, X.; Yan, C.; Jiang, N. Graphdiyne for significant thermal
conductivity enhancement at ultralow mass fraction in polymer composites. 2D Mater. 2020. [CrossRef]
Wu, Z.; Xu, C.; Ma, C.; Liu, Z.; Cheng, H.M.; Ren, W. Synergistic effect of aligned graphene nanosheets
in graphene foam for high-performance thermally conductive composites. Adv. Mater. 2019, 31, 1900199.
[CrossRef]
Gaska, K.; Kádár, R.; Rybak, A.; Siwek, A.; Gubanski, S. Gas barrier, thermal, mechanical and rheological
properties of highly aligned graphene-LDPE nanocomposites. Polymers 2017, 9, 294. [CrossRef]
Ding, P.; Zhang, J.; Song, N.; Tang, S.; Liu, Y.; Shi, L. Anisotropic thermal conductive properties of hot-pressed
polystyrene/graphene composites in the through-plane and in-plane directions. Compos. Sci. Technol. 2015,
109, 25–31. [CrossRef]
Gong, J.; Liu, Z.; Yu, J.; Dai, D.; Dai, W.; Du, S.; Li, C.; Jiang, N.; Zhan, Z.; Lin, C.T. Graphene woven
fabric-reinforced polyimide films with enhanced and anisotropic thermal conductivity. Compos. Part A Appl.
Sci. Manuf. 2016, 87, 290–296. [CrossRef]

Nanomaterials 2020, 10, 1291

51.

52.

53.

54.

12 of 12

Burger, N.; Laachachi, A.; Mortazavi, B.; Ferriol, M.; Lutz, M.; Toniazzo, V.; Ruch, D. Alignments and network
of graphite fillers to improve thermal conductivity of epoxy-based composites. Int. J. Heat Mass Transf. 2015,
89, 505–513. [CrossRef]
Zhang, X.; Xie, X.; Cai, X.; Jiang, Z.; Gao, T.; Ren, Y.; Hu, J.; Zhang, X. Graphene− Perfluoroalkoxy
Nanocomposite with High Through-Plane Thermal Conductivity Fabricated by Hot-Pressing. Nanomaterials
2019, 9, 1320. [CrossRef] [PubMed]
Yan, X.; Imai, Y.; Shimamoto, D.; Hotta, Y. Relationship study between crystal structure and
thermal/mechanical properties of polyamide 6 reinforced and unreinforced by carbon fiber from macro and
local view. Polymer 2014, 55, 6186–6194. [CrossRef]
Wu, H.; Drzal, L.T. Graphene nanoplatelet paper as a light-weight composite with excellent electrical and
thermal conductivity and good gas barrier properties. Carbon 2012, 50, 1135–1145. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

