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Abstract: 

Ideal  dielectric  materials  for  microelectronic  devices  should  have  high  directionally-tailored

thermoconductivity with low dielectric constant and loss. Hexagonal boron nitride (hBN) with

excellent  thermal  and dielectric  properties shows promise for fabrication of thermoconductive

dielectric  polymer  composites.  Herein,  a  simple  method  for  fabrication  of  lightweight

polymer/hBN  composites  with  high  directionally-tailored  thermoconductivity  and  excellent

dielectric properties is presented. The solid polymer/hBN composites are manufactured by melt-

compounding and injection molding. The porous composites are successfully manufactured in an

injection molding process through supercritical fluid (SCF) foaming. X-ray tomography provides

direct  visualization  of  the internal  microstructure  and hBN orientation  leading to  an in-depth

understanding of the directionally-dependent thermoconductivity of the polymer/hBN composites.

Shear-induced  orientation  of  hBN  platelets  in  the  solid  HDPE/hBN  composites  leads  to

significant anisotropic thermal conductivity. The solid HDPE/23.2 vol.% hBN composites show

an  in-plane  thermoconductivity  as  high  as  10.1  W  m−1 K−1
 while  the  through-plane

thermoconductivity is limited to 0.28 W m−1 K−1. However, the generation of a porous structure

via SCF foaming imparts in situ exfoliation,  random orientation and interconnectivity of hBN
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platelets  within  the  polymer  matrix.  This  results  in  highly  isotropic  thermoconductivity  with

higher bulk thermal conductivity in the lightweight porous composites as compared to their solid

counterparts. Furthermore, the electrically insulating composites developed in this study exhibit

low dielectric constant and ultralow dielectric loss. Thus, this study presents a simple fabrication

method to develop lightweight dielectric materials with tailored thermal conductivity for modern

electronics. 

Keywords: Porous Polymer/hexagonal Boron Nitride, Isotropic and Anisotropic Thermal 

Conductivity, Dielectric Properties, Microcellular Foaming, X-ray Tomography

1. Introduction 

For decades, continuous miniaturization and high-power densification have been the hallmark of

microelectronic  device  development  1.  However,  overheating  is  often  the  greatest  barrier  to

further miniaturization due to high functional and power density requirements 1,2. Thus, effective

heat  dissipation  is  crucial  to  guarantee  optimal  performance  and  extend  the  service  life  of

microelectronic devices  2,3. Efficient materials for heat management in microelectronics  should

offer high thermoconductivity, low dielectric constant (ε') and low dielectric loss (tan δ) 4. Low ε'

and low tan δ can efficiently slow down the crosstalk and capacitative coupling in high operation

speed microelectronic devices, and thereby decrease the resistance-capacitance delay effect 4,5. 

Some ceramics offer high thermoconductivity and a perfect combination of electrical properties;

however, their processing is highly challenging 6. Polymers are easy to process and have excellent

dielectric properties, however, polymers suffer from low thermal conductivity (ranging from 0.2

to  0.4  W  m−1 K−1)  7.  Therefore,  ceramic-based  polymer  composites  can  offer  an  excellent

combination of properties, including processability, relatively high thermoconductivity, electrical

insulation, low ε' and low tan δ. This combination of properties has shown great promise for using
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ceramic-based polymer composites as heat dissipation components in microelectronic packaging,

and light emitting diodes 6.

Various ceramic fillers such as silicon carbide 8, boron nitride 6,9–11, aluminum oxide (Al2O3) 7, and

aluminum nitride (AlN)  12 have been utilized to enhance the thermal conductivity of polymers.

Polymer composites  that  include  Al2O3  and AlN offer  high  thermoconductivity and electrical

insulation. Nonetheless, they usually have high ε' and high tan δ. In addition, ceramic fillers with

low ε' and low tan δ, such as SiO2, fail to efficiently improve the thermoconductivity of polymers

6–8,13. 

On the other hand, hBN, a two-dimensional material with sp2 covalent bonds  14, with excellent

thermoconductivity (in-plane thermoconductivity 600 W m−1 K−1) 11 and very high thermal and

chemical stability  14, shows promise for fabrication of thermally conductive dielectric materials.

Moreover,  hBN has  a  wide  bandgap  energy (direct  and indirect  energies  of  hBN have  been

reported  as  high  as  7.1  eV  15)  and  low  ε' (35)  16.  Therefore,  it  is  expected  that  polymer

composites  with  hBN  will  offer  a  combination  of  high  thermoconductivity,  low  electrical

conductivity, low ε' and low tan δ, as required for microelectronic packaging 6,10,11,17. However, the

thermoconductivity of polymer composites is greatly influenced by various parameters such as

the interfacial thermal resistance, interfacial phonon scattering 3,18, orientation, dispersion and type

of additives used in the polymeric matrix  3,10,11,17. Despite the high  thermoconductivity of hBN

platelets, the thermoconductivity of existing polymer/hBN composites is extremely limited due to

the challenges involved in the exfoliation/dispersion 19–21 and hBNs’ orientation 10,11,17 within the

polymer matrix. 

Various techniques such as alignment of hBN platelets by a magnetic field 10,11,22, synergy effects

of  size  and  shape  of  hBN  particulates  23,  in  situ  polymerization  17,24,25,  exfoliation  and

functionalization  of hBN platelets  19,26 and  the use of hybrid additives  27,28 have  been used to
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enhance  and  control  the  directionality  of  thermal  transport  in  the  polymer/hBN  composites.

Nonetheless,  most  of  the  fabrication  methods  for  polymer/hBN  composites,  including  the

foregoing studies, are batch-type techniques which are time consuming, expensive and hardly

scalable. 

However,  melt  compounding  and  injection  molding  of  polymer/hBN  composites  can  offer  a

continuous fabrication route. When injection molding is combined with supercritical fluid (SCF)

foaming, a porous structure can be created.  This can improve the design flexibility to address

various  functionalities  for  different  applications  3,29–34.  SCF foaming can increase the level  of

dispersion 32,35 and exfoliation  3,36,37 of fillers in the polymer matrix. Furthermore, shear-induced

orientation of filler through a conventional injection molding process 3,30 and the orientation and

alignment  of  fillers  developed  by  cellular  growth  in  foaming  3,30,31,35 can,  respectively,  offer

anisotropic  3 and isotropic  thermoconductivity 3,4. It is also believed that achieving low k (2.5<

ε'<3) and ultralow k (ε'<2.2) materials is not possible without embracing the concept of porosity 5.

Therefore, the challenging fabrication procedure for efficient dielectric polymer/hBN composites

with tailored thermal  conductivity  (isotropic and anisotropic)  can be facilitated with  injection

molding  and  physical  foaming.  Given  the  importance  of  fillers’  orientation  on  functional

properties of polymer composites, an accurate, nondestructive three-dimensional (3D) inspection

of internal structure becomes increasingly critical. X-ray tomography is one possible method that

can  be  used  to  assess  the  internal  microstructures  of  polymer  composites  to  fundamentally

understand their  structure-functional  properties relationships.  This method is a non-destructive

testing technique developed from the medical field. It can provide sectional or 3D representations

of the internal structure of the polymer composites 38,39. 

Herein,  a  simple  method  of  fabrication  of  solid  and  porous  high-density  polyethylene

(HDPE)/hBN composites with high thermoconductivity, low ε' and ultralow tan δ is presented. X-
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ray tomography, for the first time provided a clear analysis of the internal structures and hBN’s

orientation. This led to a complete understanding of the anisotropic versus isotropic behavior as

well as the enhancements in the thermoconductivity of the polymer/hBN composites. The study

revealed that the shear-induced orientation of hBN platelets in  solid injection molded samples

resulted in primarily anisotropic thermal conductivity. Using this fabrication method, the in-plane

thermoconductivity reached  10.11 W m−1 K−1, while  the through-plane  thermoconductivity was

limited to 0.28 W m−1 K−1  for HDPE/23.2 vol.% hBN composites.  On the contrary, it was also

demonstrated that the generation of 10% porous structure can result in high level of isotropic

thermal  conductivity  with high bulk thermal  conductivity,  as  compared to  solid  samples.  For

instance, the bulk thermal conductivity of solid and porous  HDPE/23.2 vol.% hBN composites

was 1.73±0.01 and 2.07±0.04, respectively.  The porous structure changed the orientation  and

arrangement of hBN platelets and enhanced their interconnectivity,  and exfoliation/dispersion in

the polymer matrix.  In addition, the introduction of a porous structure developed through SCF

foaming decreased ε' and tan δ of the hBN-based polymer composites. 

2. Results and Discussion 

2.1. Microstructure and Morphology of Polymer/hBN Composites

The  X-ray  tomography  images  of  HDPE/hBN  (Figure  1a) clearly  show  the  internal

microstructure  and the orientation  and arrangement  of  hBN platelets  in  the solid  and porous

HDPE/hBN composites.  The solid samples have completely solid structures. Two clear regions

including skin (1.2 mm on each side) and the core were observed in the solid injection molded

samples. The hBN platelets in the skin region of solid samples were orientated in the injection

direction (flow direction). The shear-induced orientation of hBN is generated due to the applied

high shear rate during the injection process. The alignment of fillers due to the high shear rate in
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the injection molded polymeric composites has been frequently studied in literature 3,30,40. On the

other hand, the hBN platelets in the core region of the solid injection molded composites follow

the fountain flow orientation. The X-ray image shows a clear transition of hBNs’ orientation from

highly oriented in the skin region to curved and even perpendicular to the flow direction in the

core region. 

The porous HDPE/hBN composites had non-homogeneous microcellular structure with average

cell size of 5.8 ± 3.7 µm in the skin region and 9.5 ± 5.6 µm in the core region (more details on

the cell size of the porous composites is presented in Supporting Information; Section S1 (Figure

S1)).  The  non-homogeneous cell morphology was due to the dispersed hBN platelets acting as

heterogeneous nucleating sites for cells 41. 

The  cellular  growth  in  the  porous  samples  changed  the  orientation  of  hBN  platelets and

rearranged them around the growing cells  3,29. This enhanced the chance of interconnectivity of

hBN platelets  and hBN-hBN contact.  As shown in  Figures  1c-1d,  the  generation  of  porosity

significantly increased the size of interconnected clusters of hBN platelets; particularly through

the  thickness  direction  (Z  direction)  of  the  composites.  This  shows  the  effectiveness  of  the

microcellular  structure  in  increasing the interconnectivity  of  hBN platelets.  By increasing the

concentration  of  hBN  platelets,  the  effectiveness  of  the  porosity  in  improving  the

interconnectivity of the hBN platelets becomes more pronounced as shown in Figure S2.

To quantitatively  investigate  the  microstructure  and the  hBN orientation  in  solid  and porous

samples, the X-ray tomography images were processed in the form of extracted slices. Figure 1b

shows relative and cumulative frequencies of hBN platelet orientation with respect to the flow

direction at different depths from the skin surface. For each X-ray tomography image, 100-200

hBN platelets were taken into consideration to quantify hBN orientation by measuring the angle

of hBN platelets in the considered plane of observation by Fiji freeware.
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Figure 1. (a) Representative X-Ray tomography of solid and porous (20% porosity) HDPE/10.2
vol.% hBN composite over the whole thickness; Scale bars are 500 µm; (b) statistical analysis of
hBN orientation in the solid and porous HDPE/10.2 vol.% hBN composites; scale bars are 100

µm. Representative 3D X-Ray tomography of the biggest interconnected clusters of hBN platelets
in (c) the solid; (d) and the porous HDPE/10.2 vol.% hBN composites. Z represents the thickness

direction of samples.

7



In the skin region close to the sample surface (~0-300m depth), the hBN platelets in the solid

composites were highly oriented in the direction of flow. For instance, 98% of hBN platelets in

solid HDPE/hBN composites had orientations with less than 20 degrees deviation with respect to

the flow direction. This shows an ultra-high level of hBN orientation in the skin of solid samples.

However, in the porous samples, the distribution of hBN platelet orientation was uniform, and

cumulative frequency of hBN platelet  orientation with respect to the flow direction gradually

increased, indicating their random orientation in the composite.

In the skin region closer to the core region (~600m-900m depth), the hBN platelets were still

highly oriented in the solid samples, and 92% of them were orientated with only slight deviation

(<20 degrees) from the flow direction. Nevertheless, at the same depth, uniform distribution of

hBN platelet orientation in the porous HDPE-hBN composites suggests a high level of isotropic

orientation of filler in the polymer matrix. 

In the core region, the distribution of hBN platelet orientation in the solid samples became more

uniform as compared to the skin region, which is indication of their relatively random orientation

in the core region due to fountain flow-induced orientation of hBN platelets. The hBN platelets

maintained their random orientation in the core region of porous samples. 

The isotropic orientation of hBN platelets in both regions (skin and core) of porous samples can

be mainly related to (i) lower viscosity of HDPE/hBN due to the dissolution of supercritical N2

and (ii) the cellular growth during foaming. The growth of cells rearranged and dislocated the

hBN platelets. This changed the hBN shear-induced orientation and, thereby, increased the chance

of hBN platelet interconnections 40. 

X-ray  diffraction  (XRD)  was  conducted  to  further  characterize  the  exfoliation/dispersion  of

HDPE/hBN composites. Figure 2a shows the XRD patterns for neat HDPE and solid and porous
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HDPE/10.2 vol.% hBN composites. The 2θ = 26.6° is the diffraction peak of (002) planes in hBN

crystals  which  is  associated  with interlayer  distance  of  monolayer  hBN sheets.  Based on the

Bragg’s law, the hBN (002) plane distance was 0.345 nm. It is notable that the intensity of (002)

diffraction of solid HDPE-hBN significantly decreased after SCF foaming (inset Figure 2a). This

reduction in the intensity of the (002) diffraction peak can be related to further exfoliation and/or

dispersion  of  hBN  in  the  polymer  matrix  42–44.  Furthermore,  it  is  possible  to  identify  the

orientation of hBN platelets by monitoring the intensity of the (002) and (100) diffraction peaks

simultaneously 10,11. 

As shown in Figure 1, the orientation of hBN platelets are responsible for change in the intensity

of the (002) and (100) peaks10,11. In the inset to Figure 2a, it is notable that the (100) diffraction

peaks of the porous samples exhibited slightly stronger intensity as compared to those of solid

samples. This firstly suggests that the hBN platelets were highly oriented on the surface of the

solid samples, while the hBN platelets in the porous samples had less shear-induced orientation

due to the presence of a weak (100) diffraction peak  10,11,45 (which is in good agreement with

Figure 1). Secondly, the reduced intensity of (002) diffraction peaks in the porous samples can be

partially resulted from random orientation of hBN and partially by further exfoliation of hBN

platelets. The latter conclusion was drawn since the significant reduction in the (002) intensity of

the porous samples resulted in a very small increase in the (001) intensity. Therefore, the reduced

(002) intensity can be partially related to the further exfoliation of hBN.
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Figure 2. (a) XRD spectra of neat HDPE, and solid and porous HDPE/10.2 vol.% hBN; (b)
representative TEM of the solid and porous HDPE/10.2 vol.% hBN. Porous samples have 10%

porosity. The arrows point to the hBN platelets in the polymer/hBN composites.

Figures  2b,  shows  representative  TEM  of  the  solid  and  porous  (10% porosity)  HDPE/hBN

composites. There are thinner layers and higher number of hBN platelets in the porous composites

as compared to their solid counterparts indicating efficient exfoliation/dispersion of hBN platelets

via SCF-foaming.  When the HDPE/hBN mixture is treated with SCF under high pressure (~24

MPa) while the act of shearing in the injection process is being applied,  the SCF can defuse

between the layers of hBN. During the mixture injection into the mold the SCF undergoes phase

transformation as a result of rapid depressurization. The transformation of SCF into the gaseous

state can  exfoliate and disperse the hBN layers  3,46. Furthermore, the nucleated cells and their

growth near the hBN can further disperse the hBN platelets within the polymer matrix 3,36. 
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2.2. Thermal Conductivity

2.2.1.  Bulk Thermal Conductivity 

Figure  3a  shows  how  the  bulk  thermoconductivity  of  the  solid  and  porous  HDPE/hBN

composites varies as a function of the hBN concentration. In this work, the volume percentage of

hBN platelets was reported with regard to the total volume of porous polymer/hBN composites,

considering  both  gaseous  and  solid  phases.  In  all  the  solid  and  porous  samples,  the

thermoconductivity of the HDPE/hBN composites was highly dependent on the hBN content. The

generation  of  porous  structure  in  the HDPE/hBN composites  also  significantly  affected  their

thermal conductivity. The incorporation of 10% porosity decreased the bulk thermal conductivity

of HDPE/hBN composite containing 4.8, 7.5, 10.2 and 13 vol.% hBN. However, the bulk thermal

conductivities of the porous HDPE/hBN composite (with  10% porosity) started to outperform

those of the solid composites at hBN loadings of more than 13 vol.%. As shown in Figure S2, at a

higher  hBN  content  (>13  vol.%),  there  is  enough  hBN  within  the  polymer  matrix  to  be

interconnected due to foaming action and to form thermo-conductive paths in the 3D bulk of the

composite. However, at a lower hBN content (<13 vol.%), the hBN platelets are too far from each

other  to  fully  percolate  over  the  whole  bulk  of  composites,  even  though  they  are  randomly

oriented and more interconnected as compared to the solid samples (Figures 1c and 1d). In other

words,  below a loading of 13 vol.% hBN, polymer mediated  between the  hBN platelets  and

prevented direct hBN-hBN contact, leading to higher interfacial thermal resistance due to phonon

scattering  4,47,48.  For  instance,  the  incorporation  of  10%  porosity  increased  the  average  bulk

thermal  conductivity  of  the  HDPE/23.2  vol.%  hBN  composites  from  1.73±0.01  Wm-1K-1 to

2.07±0.04 Wm-1K-1. 

Although  the  incorporation  of  a  small  amount  of  porosity  (10%)  enhanced the  bulk

thermoconductivity  of  the  polymer/hBN  composites, increasing  the  porosity  to  20%  was
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ineffective due to the increased insulation contribution of the voids. As is notable in Figure 3a, for

all hBN contents, the bulk thermal conductivity of porous HDPE/hBN composite containing 20%

porosity was lower than their solid and 10% porosity porous counterparts. This can be attributed

to the competing relationship between the ultralow thermoconductivity of the voids and random

orientation of hBN induced by foaming. An excessive degree of porosity (that is, 20%) resulted in

more voids within the composites, leading to a lower bulk thermal conductivity.

Figure 3. (a) The bulk thermal conductivity (Ktotal) of solid and porous HDPE/hBN composites.
(b) Schematic representation of anisotropic and isotropic heat dissipation in solid and porous
composites. In-plane and through-plane thermoconductivities of the (c) solid and (d) porous

samples (10% porosity). (e) The K// /K ratio as a measure of anisotropy of the thermal
conductivity for the solid and porous samples. 

Briefly, the generation of an optimum porosity level (10%) changed the skin-core morphology of

the  solid  composites  and enhanced  the  local  interconnection  of  the  hBN platelets,  while  the

insulating  effect  of  voids  was  minimized.  The  enhanced  bulk  thermoconductivity of  the

HDPE/hBN composites with a small amount of porosity (10%) can be mainly attributed to:  (i)
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change of the shear-induced orientation of hBN into random orientation due to cellular growth;

(ii) enhanced level of local interconnectivity of hBN platelets within the bulk of the composite;

(iii) higher level of hBN dispersion/exfoliation in the polymer matrix. Figure 3b schematically

shows the heat dissipation in the solid and porous composites.

2.2.2. Directional Thermal Conductivity; Anisotropic versus Isotropic

Figures 3c and 3d show the in-plane (//),  through-plane () and bulk thermal conductivity of

HDPE/hBN composites. As shown in Figure 3c, the in-plane thermal conductivity (K //) of the

solid  HDPE/hBN  composites  sharply  increased  with  an  increased  hBN  loading,  while  the

through-plane thermal conductivity (K) remained almost constant. For instance, the K// of the

solid HDPE/23.2 vol.% hBN composites  reached 10.1±0.5 Wm-1K-1,  which is  about 36 times

higher than their K. 

This can be attributed to the high level of in-plane orientation of the hBN platelets in ~80% of the

solid sample thickness, as discussed earlier (Figure 1). The in-plane alignment of hBN platelets

can  form  numerous  in-plane  thermally  conductive  paths  where  phonons  can  be  transferred

through  hBN-hBN  interfaces  with  low  interfacial  thermal  resistance.  However,  along  the

perpendicular  direction,  the  thermoconductive  hBN-hBN pathways  are  insulated  by  layers  of

polymer  matrix.  Therefore,  phonon transfer  through-plane  will  be  highly limited  due to  high

interfacial  thermal  resistance  of  polymer-hBN,  resulting  in  ultrahigh  anisotropic  thermal

conductivity  47. Nonetheless, anisotropic thermal conductivity can decrease the 3D bulk thermal

conductivity within such composites 4.

The  physical  foaming,  on  the  other  hand,  developed  isotropic  thermoconductivity  within  the

HDPE/hBN  composites.  Microcellular  foaming  considerably  increased  the  through-plane

thermoconductivity of HDPE/hBN composites  and decreased the in-plane  thermoconductivity,

which  resulted  in  higher  bulk  thermal  conductivity  with  a  significant  level  of  isotropy.  For
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example,  physical  foaming  increased  the  through-plane  thermoconductivity  of  the  solid

HDPE/23.2 vol.% hBN composites by 478.5%, while their  in-plane conductivity  decreased by

68.2%.  The through-plane and in-plane thermoconductivities of porous HDPE/hBN composites

containing 10% and 20% porosity, as compared to solid counterparts, are presented as a function

of the hBN content in Figure S3.

Figure 3e demonstrates the ratio of in-plane to through-plane thermal conductivity (K// /K) of the

HDPE/hBN as a function of filler loading. The K//  /K of the solid HDPE/hBN rapidly increased

with an increased hBN content. This shows the significant impact of hBN platelet orientation and

their in-plane interconnection on the ultrahigh in-plane thermoconductivity and ultralow through-

plane thermoconductivity of the solid composites. However, after the introduction of foaming, the

K// /K ratio was almost independent of hBN content, suggesting the significant impact of random

orientation of hBN platelets and their 3D interconnection on the isotropic thermoconductivity of

porous  HDPE/hBN  composites.  By  increasing  the  porosity  to  20%  the  K//  /K was  further

reduced, which resulted in a higher level of isotropic thermal conductivity. 

Figure S4 shows Differential  Scanning Calorimetry  (DSC) measurements  on the HDPE/hBN

composites. It is notable that the crystallinity and melting point of the HDPE in the HDPE/hBN

composites are not affected by foaming or by the hBN loading due to the fast crystallization

kinetics  of  high-density  polyethylene  which  might  not  be  influenced  by  the  investigated

processing parameters in this study. Hence, the effect of crystallinity on the thermoconductivity of

composites is considered negligible in this work.

2.3. Dielectric Properties of HDPE-hBN Composites

In addition to high  thermoconductivity, a dielectric material for modern electronics should also

offer  low  dielectric  constant  (ε')  and  low  dielectric  loss  (tan  δ).  Generally,  the  dielectric
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permittivity is defined as a complex function as: ε(ω) = ε'(ω) - iε''(ω), where, ω is the frequency

and ε'(ω) and ε''(ω) are, respectively, the real and the imaginary parts of the dielectric permittivity

49. The real permittivity (dielectric constant, ε') is attributed to displacement of the charges within

the  material  governed  by different  types  of  polarization.  Generally,  below 1  MHz,  the  most

dominant  type  of  polarization  is  interfacial  polarization  49.  Imaginary  permittivity  (ε'')  is  the

measure of energy loss and used to quantify tan δ. The ratio of ε'' to ε' is defined as tan  31. tan 

in polymeric composites is mainly governed by ohmic and polarization loss 50. 

Figures 4a and 4b show  ε' of the solid and porous HDPE/hBN composites  across a frequency

range from 1Hz to 1×10-5, respectively. The real permittivity of all samples (solid and porous) is

nearly  frequency-independent,  which  is  the  characteristics  of  electrically  insulative  polymeric

composites 51. The real permittivity of neat HDPE very slightly increased from 2.91 to 3.00±0.04

with incorporation of 23.2 vol.% hBN in the solid HDPE/hBN composites. This can be related to

the similar values of ε' for HDPE (i.e. ε' =2.91) and hBN platelets (i.e. ε' =3.76 16). According to

the Maxwell–Wagner–Sillars (MWS) effect  49, in polymeric composites interfacial polarization

occurs due to a considerable contrast between the permittivity and/or electrical conductivity of the

filler and the polymer. Therefore, the interfacial polarization in the solid HDPE/hBN composites

is expected to be very limited, since the HDPE and hBN platelets possess the same level of ε' and

the same electrical conductivity. 

The development of a porous structure within the composites can lower ε'  of materials  4,52,53. As

shown in Figure 4b, the introduction of 10% porosity through microcellular foaming marginally

decreased  ε'  of HDPE/hBN composites (7%-13%). This can be attributed to the low dielectric

constant of air (i.e. ε' =1) 54. 

As seen in Figures 4c and 4d, tan δ of the neat HDPE increased with the increase in hBN content,

however, the values of tan δ were still very low and ranged between 0.0025 to maximum 0.0068
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at  100  Hz  for  various  solid  and  porous  HDPE/hBN  composites.  The  ultralow  tan   of  the

HDPE/hBN composites is  related to their  ultralow ohmic loss,  which is  originated from high

electrical resistivity of composites  55,56, as shown in Figures 4e and 4f. In addition to the ohmic

loss, tan δ can also be affected by polarization loss 49. However, in the composite system studied

in this work, the polarization loss is very limited due to very low ε'. 

Figure 4. ε' of (a) the solid, and (b) porous HDPE/hBN composites. tan δ of (c) the solid, and (d)
porous HDPE/hBN composites. The electrical conductivity of (e) the solid, and (f) porous (10%

porosity) HDPE/hBN composites.
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Figures 4e and 4f show the electrical conductivity of the HDPE/hBN composites over  1 Hz to

1×10+5 Hz.  The  electrical  conductivity  of  all  the  composites  (solid  and  porous)  followed  a

frequency-dependent behavior over 1 Hz to 1×10+5 Hz. This behavior is a typical characteristic of

insulative polymer composites 57,58. This can be related to the ultrahigh electrical resistivity of the

polymer matrix and the hBN platelets (with  wide bandgap energy  15). Therefore, the  electrical

conductivity of the fabricated composites is almost the same as neat HDPE. 

Table  1 shows  the  summary  of  this  work  as  compared  to  some  of  the  recent  advances  in

manufacturing  of  thermoconductive  dielectric  polymer/hBN  composites.  Most  of  the  listed

studies  require  complicated  synthesis  procedures  to  develop  directionally-tailored

thermoconductivity. These methods are hardly scalable with high material cost due to the use of

boron nitride nanosheets (BNNS). In particular, Yuan et al. 59 self-assembled the BNNS and FeCo

nanocubes  by controlling  the polarity  of the fillers.  Subsequently,  the complex nanomaterials

(BNNS + FeCo) were oriented using magnetic field to develop anisotropic thermal conductivity.

They achieved a thermoconductivity of 2.25 W m−1 K−1 for the composite with 50 wt. % BNNS

and 30 wt. % FeCo. Han et al.  60 fabricated an anisotropic thermally conductive, nacre-mimetic

epoxy/BNNS composite. They reported high level of anisotropic thermal conductivity with a K// /

K ratio as high as 12. They achieved the in-plane thermoconductivity of 6.07 W m−1 K−1 at 15 vol

% BNNS loading. Chen et al. 47 developed polyvinylidene fluoride (PVDF)/BNNS composite by

electrospinning. They reported a high in-plane thermoconductivity of 16.3 W m−1 K−1 at 33 wt.%

BNNS loading with a high level of the anisotropic thermoconductivity (K //  /K ratio as high as

21).  Lin  et  al.  11 used  hBN platelets  to  fabricate  anisotropic  thermoconductive  polymer/hBN

composites. They modified the surface of hBN platelets with iron oxide and used a magnetic field

to align the modified hBN. Morishita and Okamoto  19 presented a direct exfoliation method for

hBN using superacid. They developed soluble functionalized BNNS with chlorosulfonic acid and
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randomly  dispersed  them  in  polybutylene  terephthalate.  They  achieved  a  through-plane

thermoconductivity of 0.96 and 10.22 W m−1 K−1, at 25 and 80 wt.% BNNS loading, respectively.

Compared to  the  earlier  published data  shown in  Table  1,  the key findings  of  our  work are

significantly valuable. The summary of these finding include: (I) the development of dielectric

polymer/hBN  composites  with  ultrahigh  anisotropic  thermoconductivity  which  is  one  of  the

highest levels  of anisotropic thermoconductivity  in the literature;  (II)  the enhancement  of the

through-plane  and  bulk  thermoconductivity  of  polymer/hBN  composites  using  microcellular

foaming which is reported for the first time; (III) in situ exfoliation of hBN platelets using the

SCF foaming which is reported for the first time; (IV) using a simple method for manufacturing

of dielectric polymer/hBN composites which is readily scalable as compared to complex synthesis

procedures mostly used in  the literature;  and (V) in-depth understanding of the directionally-

dependent thermoconductivity of the polymer/hBN composites using direct visualization of the

internal microstructure and hBN orientation by X-ray tomography.

Table 1. Thermoconductivity, electrical and dielectric performance of different polymer/boron
nitride composites

Materials
Filler

content
Thermal

conductivity
Dielectric and

electrical properties
Fabrication method Ref.

polydimethylsiloxa
ne / BNNS+ FeCo

50/30 wt% K// =2.25 - self-assembly and
magnetic alignment

59

polyimide/hBN 30 vol% K// =2.81; K = 0.73 - ball milling,
compression and

sintering

61 

epoxy/BNNS 15 vol% K// =6.07; K// /
K=12

σdc =2 × 10-12 S/cm nacre-mimetic 3D filler
network

60

PVDF/BNNS 33 wt.% K// =16.3; K// /
K=21

tan  ~0.05 at 102

Hz
electrospinning

followed by folding
and pressing

47

epoxy/hBN 20 wt.% Ktotal =0.85 - surface modification
with iron oxide and
magnetic alignment

11

PS/BNNS 67.6 vol.% Ktotal ~1.1 ε' ~4.5;
tan  ~0.02 at 102

reversible
fragmentation chain

24
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Hz transfer polymerization
PMMA/BNNS 80 wt.% K=10.22 - exfoliation using

superacid and
functionalization

19

polytetrafluoroethyl
ene (PTFE)/
hBN+AlN

30 vol.% K=1.04 ε' ~3.4;
tan  ~0.04 at 102

Hz

solution mixing and hot
pressing

27

PMMA/BNNS 56.1 wt. % Ktotal ~6.75 ε' ~3.1–2.9
; tan  <0.028

carbothermal reduction
CVD substitution

reaction

4

Aromatic
polyimides/hBN

60 vol.% K// =17.5
K~2.3

- hBN-containing slurry,
sonication and in-situ

polymerization

17

HDPE/hBN
solid

23.2 vol% K// =10.1; 
K// /K=36;
Ktotal=1.73

ε' ~3
; tan =0.008;

σdc =6 × 10-14 S/cm

melt compounding and
injection molding

this
work

HDPE/ hBN
20% porosity

15.7 vol% K// =1.55; 
K// /K=1.8;
Ktotal=1.45

ε' ~2.8
; tan =0.007;

σdc =5 × 10-14 S/cm

melt compounding,
injection molding and

physical foaming

this
work

HDPE/ hBN
10% porosity

20.9 vol% K// =3.21; 
K// /K=2.3;
Ktotal=2.07

ε' ~2.9
; tan =0.006;

σdc =7 × 10-14 S/cm

melt compounding,
injection molding and

physical foaming

this
work

3. Summary & Conclusions

A new class  of  microstructure-tailored  dielectric  polymer/hBN composites  with isotropic  and

anisotropic  thermoconductivity  was  developed.  The  HDPE/hBN  composites  with  tailored

structures  were  developed  through  a  scalable  technique  of  melt  compounding  followed  by

injection molding. The directionally-dependent thermal transport properties of the polymer/hBN

composites  were  further  understood  through  X-ray  tomography  assessment  of  the  internal

structure  of  the  composites  which  revealed  an  anisotropic  structure  in  the  case  of  the  solid

composites and an isotropic structure in the case of the porous composites. Due to high shear rate,

induced  during  injection,  a  high  level  of  hBN platelet  orientation  was  generated  within  the

polymer matrix as revealed by x-ray tomography. This structure resulted in significant anisotropic
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thermoconductivity  in  the  solid  HDPE/hBN  composites.  For  instance,  the  in-plane

thermoconductivity of the solid HDPE/23.2 vol.% hBN composites reached to 10.1±0.5 Wm-1K-1,

while the through-plane  thermoconductivity was 0.28  Wm-1K-1. By the introduction of a small

amount of porosity (10%) through physical foaming, (i) shear-induced orientation of hBN was

changed into random orientation with increased local and 3D interconnections of hBN; and (ii)

dispersion  and  exfoliation  of  hBN  were  further  enhanced.  This  resulted  in  higher  bulk

thermoconductivity of the porous HDPE/hBN composites (10% porosity), as compared to their

solid  counterparts.  Both  solid  and  porous  HDPE/hBN  composites  were  highly  electrically

insulating with low ε' (> 3.00±0.04) and ultralow tan δ (> 0.0068 at 100 Hz). Therefore, this work

presents a simple manufacturing method to produce lightweight electrically insulative dielectric

polymer/hBN composites  with tailored  thermoconductivity for heat  dissipation  components  in

high operation speed microelectronic devices.

4. Materials and Methods

4.1. Materials and Sample Preparation

A high-density-polypropylene (HDPE), Marlex® HHM 5502BN with a specific gravity of 0.955

g cm-3 and melt flow index of 0.35 dg/min-1 (230 ºC/2.16 kg), was selected as the matrix. The

HDPE was loaded with PolarThermTM PT110 hBN, with mean particle size of 45 μm, surface aream, surface area

of 0.6 m2/g, and specific gravity of 2.1  g.cm-3, provided by MometiveTM. Commercial nitrogen

(N2, Linde Gas, Canada) was utilized as blowing agent.

A TDS-20 twin-screw extruder (L/D=40; screw diameter =22 mm) was used to produce HDPE/40

wt.% hBN masterbatch by melt mixing. More details on producing the masterbatch are provided

in Supporting Information (Section S3).
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An  injection  molding  machine  (Arburg  Allrounder  270/320C,)  equipped  with  MuCell®

technology  (Trexel,  Inc.,  Woburn,  Massachusetts)  with  30-mm  diameter  screw  was  used  to

fabricate  the  solid  and  porous  HDPE/hBN  composites.  The  processing  parameters  used  to

produce the solid and porous composites were obtained such as to maintain the integrity of the

composites’  microstructure.  The  processing  parameters  used  in  this  work  are  summarized  in

Table S1. 

The  solid  HDPE/hBN  composites  were  injection  molded  without  foaming.  For  the  porous

composites,  the  MuCell® module  (built-on  module  of  the  injection  molding  machine)  was

employed to inject 0.4 wt.% N2 in supercritical form into the barrel. Due to high pressure in the

mixing  section  generated  by  the  screw,  gas  can  be  dissolved  in  the  polymer  to  produce  a

homogenized polymer/hBN/gas mixture. After SCF treatment, the resulting mixture was injected

into a low-pressure environment (mold cavity) where foaming took place and a porous structure

was  generated.  The  mold  was  partially  filled  with  the  polymer/hBN/gas  mixture  to  produce

polymer/hBN  composites  with  10%  and  20% porosity.  More  details  regarding  the  injection

molding processed HDPE/hBN composites are provided in Supporting Information (Section S3).

A schematic representation of the injection molding process and fabricated samples is shown in

Figure S5.

4.2. Characterization

Wide Angle X-ray Diffraction analyses using Rigaku MiniFlex 600 X-ray diffractometer were

performed on the hBN powder, neat HDPE, and solid and porous injection molded composites to

investigate the exfoliation/dispersion of hBN platelets in the polymer matrix. The microstructure

of composites  (arrangement,  orientation,  exfoliation  and dispersion of  the  hBNplatelets)  were

investigated  using  scanning  electron  microscopy  (SEM;  Quanta  EFG250)  and  transmission

electron microscopy (TEM; FEI Tecnai 20). The internal structure of the HDPE/hBN composites
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were  characterized  using  laboratory  X-ray  tomography.  Acquisition  was  performed  with  an

Easytom  laboratory  X-ray  computed  tomography  apparatus (RX  Solutions,  France).  X-ray

tomography can reach very high resolution as has been reported by  Guo et al.  62, thanks to the

very small spot size (down to 0.5 m) provided by a LaB6 cathode leading to a decrease in the

geometrical blur. For the characterization of samples in this study, the polycoromatic X-ray was

operated  with  a  LaB  cathode  at  a  voltage  of  70  kV  and  intensity  of  150  µA.  4000  X-ray

projections were collected on a CCD camera with an exposure time of 0.4 seconds to obtain a 3D

volume. Acquisition was performed with voxel sizes of 0.7  µm and 1.5  µm at different depths

along the sample axis. Continuous rotation was used without averaging. A filtered back projection

Feldkamp algorithm was used to reconstruct the data; this was followed by image-processing and

visualization with Fiji freeware 63.  X-ray tomography consists of reconstructing a volume image

from 360 ° 2D radiographs. It is based on the absorption difference of the constituent phases of

the materials  and depends on the Beer-Lambert law. For a given path where the X-rays pass

through the material, the ratio between the number of photons transmitted N and the number of

incident photons N0 is defined by 
N
N 0

=exp [−∫ μ (s ) ds ]39; where µ(s) is the absorption coefficient

of  the  material  along the  path  s which  depends on the  atomic  number  Z,  the  density  of  the

materials crossed and the energy of the incident photons.

The thermal conductivity measurement of hBN/HDPE composites was performed by transient hot

disk method according to ISO/DIS 22007-2.2. A transient plane source (TPS) 2500 (Therm Test

Inc., Sweden) thermal constants analyzer with a Kapton sensor (5465), was employed to measure

the  thermoconductivity  of  the  samples  under  ambient  conditions  (Figure  S6).  The  Standard

Measurement Module was used to measure the bulk/average thermoconductivity of the fabricated

samples. The Anisotropic Measurement Module of the TPS 2500 was employed to measure in-
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plane  and  through-plane  thermoconductivity  of  the  fabricated  composites.  This  measurement

module requires the specific heat capacity of the samples which can be accurately measured with

a the dedicated TPS measurement module.

Optimized combinations of the measurement time and the heating power were selected for the

fabricated composites based on their heat transport properties. The transient plane source theory

assumes  that  the  sensor  is  located  in  an  infinite  medium of  sample  and,  therefore,  the  heat

penetration  should  not  exceed  the  boundaries  of  the  samples.  Figure  S7 shows  the  heat

penetration  (probing  depth)  during  thermal  conductivity  measurement  using  the  Anisotropic

Measurement Module. As shown in Figure S7, the proper combinations of the power output and

the measurement time were selected so that the penetration of heat does not exceed the boundaries

of the samples. It is also notable that the heat is dissipated more significantly in-plane in the solid

samples as compared to porous counterparts which is the indication of their anisotropic thermal

conductivity. By increasing the porosity from 10% to 20% the heat dissipation through-plane and

in-plane  becomes  more  uniform  which  can  be  related  to  the  higher  level  of  isotropic

thermoconductivity in porous samples. The later result is found in a good agreement with  the

smaller K// /K ratio for porous samples as compared with solid composites.

More  details  on  thermal  conductivity  measurement  using  the  TPS  method  is  presented  in

Supporting Information (Section S4), including Figures S6 and S7. For a theoretical standpoint,

the interested readers are referred to research works presented by Gustafsson 64, Gustavsson et al.

65, Miller et al. 66 and He 67.

The electrical conductivity,  ε' and tan  of the hBN/HDPE composites were analyzed over a wide

frequency  range  (1  Hz  to  1×10+5 Hz)  using  an  Alpha-A  dielectric  impedance  analyzer

(Novocontrol Technologies). 
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5. Associated content

Supporting Information: 

The processing parameters and method of sample preparation, the schematic representation of the

injection molding process and fabricated samples,  schematic illustration of  ISO/DIS 22007-2.2

along with details for measuring the thermal conductivity and SEM images of composites.
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• Cellular microstructure

Figure S1 shows that cells are smaller in the skin regions of the porous composites and they

gradually become larger in the core region. This can be attributed to higher melt strength due to

the lower melt temperature in the skin region, where cellular growth is suppressed.  Figure S2

shows the SEM images of HDPE/10.2 vol% hBN and HDPE/19.7 vol% hBN composites.
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Figure S1. (a) X-ray tomography (top view) of the skin and core regions of the porous
HDPE/10.2 vol% hBN composites; (b) the cell sizes of porous HDPE/10.2 vol% hBN composites

in the skin and core regions
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Figure S2. SEM micrographs of the skin and core regions for the solid and porous (with 10%
porosity) HDPE/10.2 vol% hBN and HDPE/19.7 vol% hBN composites.
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• Thermal conductivity

The thermal conductivity variations as a function of the filler content for two different porosities

(i.e.  10% and 20%) are presented in  Figure S3.  As shown in Figure S3, the generation of a

microcellular structure increased the through-plane thermoconductivity of the solid HDPE/hBN

composites up to 478.5%, while their in-plane conductivity decreased by maximum 68.2%.
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Figure S3. (a) The through-plane thermal conductivity (K) and; (b) the in-plane thermal

conductivity (K//) of solid and porous (10% and 20% porosity) HDPE/hBN composites as a
function of the hBN content.

Figure  S4 shows  the  Differential  Scanning  Calorimetry  (DSC)  data  on  the  HDPE/hBN

composites.
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Figure S4. (a) Differential Scanning Calorimetry (DSC) data of the HDPE/hBN composites
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• Sample preparation

A TDS-20 twin-screw extruder (screw diameter =22 mm; L/D=40) was used to produce HDPE/40

wt.% hBN masterbatch by melt mixing. The temperature profile was set to 180-220°C with a

rotational speed of 45 rpm and a throughput of 5 kg.h -1. The HDPE/hBN composites with various

hBN concentrations were then produced by diluting the HDPE/40 wt.% hBN masterbatch with

neat HDPE by mixing in a twin-screw extruder (with diameter of 27 mm and L/D: 40).

An  injection  molding  machine  (Arburg  Allrounder  270/320C,)  equipped  with  MuCell®

technology  (Trexel,  Inc.,  Woburn,  Massachusetts)  with  30-mm  diameter  screw  was  used  to

fabricate the solid and porous HDPE/hBN composites. The mold cavity dimensions were 132 ×

108 × 3 mm. More detailed information about the mold used in this research was reported by Lee

et al.  1.  Two different types of HDPE/hBN composite, solid injection molded (Solid) and foam

injection molded (Porous), were fabricated. The porosity in the porous samples was controlled by

partially filling the mold.

The  solid  HDPE-hBN  composites  were  fabricated  using  regular  injection  molding  process

without SCF-treatment (using N2 as the SCF) and physical foaming. For the porous composites,

the MuCell module was used to inject 0.4 wt.% N2 at its supercritical state in the barrel. After

treating the HDPE-hBN with the SCF, the mold cavity was partially filled with the polymer/hBN/

N2 mixture. The porosity of the samples is controlled by partial-filling of the mold volume. The

utilized processing parameters in this work are summarized in  Table S1.  The conventional and

foam injection molding processes are schematically presented in Figure S5. 
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Table S1. Processing parameters used in injection molding of solid and porous composites
Solid Porous

Melt temperature (°C) 210 210

Barrel pressure (MPa) 16 16

Screw speed (rpm) 300 300

Metering time (s) 12 12

Injection flow rate (cm3s-1) 90 90

Mold temperature (°C) 75 75

Pack/hold pressure (MPa) 30 N/Aa

Pack/hold time (s) 15 N/A

Cooling time (s) 60 60

Gas injection pressure (MPa) N/A 24

N2 content (wt.%) N/A 0.4

Degree of foaming (porosity) (%) N/A 10, 20

a Not Applicable

The disk-shape solid and porous HDPE/hBN composites were cut from the injection-molded parts

at a distance of 100 mm from the cavity gate as shown in Figure S5. The samples with a 20 mm

diameter × 3 mm thickness were used to measure the thermal conductivity, the dielectric constant,

and dielectric loss. 
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Figure S5. The schematic of regular and foam injection molding processes, the injection
molded parts and the location of cut samples.
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• Thermal conductivity measurement

The thermal conductivity of the HDPE-hBN composites was measured using the transient hot

disk method. Measurements were conducted based on the ISO/DIS 22007-2.2 standard. In this

technique, an electrically conductive double spiral disk-shape nickel foil sensor acts as a heater to

increase the samples’ temperature (Figure S6). The sensor also works as a dynamic thermometer

which records temperature change in the sample as a function of time. The measurement requires

two identical pieces of samples and the sensor is placed between two samples (Figure S6). The

generated heat pulse dissipates into the samples at a rate which depends on the thermal transport

properties of the samples. By recording the temperature with respect to the time response in the

sensor, the thermal conductivity  can be calculated.  For a theoretical standpoint,  the interested

readers are referred to research works presented by Gustafsson R2, Gustavsson et al. R3, Miller et

al. R4 and He R5.

Figure S6. (a) Samples’ dimensions; (b) the schematic of the ISO/DIS 22007-2.2 setup for
measuring the thermal conductivity using TPS 2500

Based on the ISO/DIS 22007-2.2 standard, Gustafsson R2, Gustavsson et al. R3, Miller et al. R4 and

He R5, the transient plane source method (TPS)  is suitable for measuring the thermal conductivity

of both isotropic and  anisotropic materials. Figure S7 shows the heat penetration (probing depth)

during thermal conductivity measurement using Anisotropic Measurement Module. 
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Figure S7. The heat penetration (probing depth) during thermal conductivity measurement
using Anisotropic Measurement Module for solid and porous HDPE/hBN composites
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