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Abstract 

Ultrasound imaging plays an important role in the diagnosis of cardiovascular 

diseases. A trans-esophageal echocardiography (TEE) probe uses ultrasound waves to 

image the heart in real time in three dimensions (3D) from inside the esophagus of the 

patient. 

The current design of the TEE scan head in this study requires manual assembly of 

several prefabricated parts to provide key functions; heat spreading, electromagnetic 

interference (EMI) shielding, electrical isolation, and biocompatibility. The aim of this 

study was to develop new encapsulation concepts (based on materials, designs, or 

processing methods) to reduce the number of parts. This could be achieved by a two-

layer encapsulation (e.g. metallized encapsulation, or encapsulation with two polymer 

composites). Among the requirements for this device, thermal management is 

important for the safety, performance, lifetime, and reliability. Therefore, this project 

focused on the thermal performance of new encapsulation concepts. 

The maximum surface temperature of the scan head (in contact with patient) must 

be below 43 °C to avoid thermal damage to human tissue. A two-layer encapsulation 

based on a metallized polymer structure was suggested for simplifying the assembly, 

while accommodating the key functions listed above. Experimental results showed that 

such an encapsulation could provide adequate heat transfer at low power levels. 

Thermal simulations were in good agreement with the experiments, when two different 

thermal contact conductance coefficients were used for the boundary condition in the 

finite element model, one for the heat source surface and one for the remainder of the 

scan head surface (the polymer encapsulation). The verified simulation model was used 

to identify alternative materials for the outer layer of the encapsulation, to improve the 

heat transfer at higher power levels. The preferred outer material is biocompatible and 

electrically insulating, and has high thermal conductivity. 

Thermally conductive polymer composites were therefore selected as the second 

main research topic. Composites with hBN particles (thermally conductive and 
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electrically insulating) were studied. Composite specimens were fabricated by injection 

moulding, casting and 3D printing (powder bed fusion). The maximum practical hBN 

loading was 65 wt% for injection moulding with TPU as matrix, 55 wt% for casting with 

epoxy and 40 wt% for powder bed fusion with TPU. The injection moulded composite 

with 65 wt% hBN obtained the highest thermal conductivity in this study (2.1 W/mK), 

which was nearly 10 times higher than that of pure TPU. For a given hBN loading, casting 

resulted in a higher thermal conductivity than the other two methods. Injection 

moulding induced a preferred orientation of the platelets, with the platelet normal 

along the thickness direction of the specimens. The orientation varied through the 

thickness of the moulded specimens, and it increased with increasing hBN loading. 

Casting resulted in a low preferred orientation, and powder bed fusion resulted in an 

almost random orientation. The platelet orientation in injection moulded specimens 

(characterized by X-ray diffraction) agreed qualitatively with numerical simulations of 

the injection moulding process. The measured thermal conductivities were compared 

with four models (the effective medium approximation (EMA) model, the Ordóñez-

Miranda model, the Sun model, and the Lewis-Nielsen model) to understand how the 

conductivity was affected by filler loading and orientation. Selecting the filler loading in 

the composite is a compromise; increasing the loading increases the thermal 

conductivity, but reduces the mechanical ductility and increases the melt viscosity.  

The heat transfer simulations also demonstrated the applicability of hBN/polymer 

composites in the two-layer encapsulation of the TEE scan head. These composites could 

be used in a metallized encapsulation, or in an encapsulation consisting of two layers 

(an outer layer of hBN/polymer and an inner layer of a thermally and electrically 

conductive polymer composite).  

Keywords: ultrasound imaging medical device, trans-esophageal echocardiography, 

thermal safety, thermal management, heat transfer simulations, metallized 

encapsulation, electroplating, thermally conductive polymer composites, thermal 

conductivity, hexagonal boron nitride, thermoplastic polyurethane, epoxy, injection 

moulding, casting, powder bed fusion, filler orientation.  
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Chapter 1. Introduction 

1.1 Background and motivations 

1.1.1 Medical ultrasound probe and its encapsulation 

Ultrasound imaging plays an important role in the diagnosis of cardiovascular 

diseases. A trans-esophageal echocardiography (TEE) probe uses ultrasound waves to 

image the heart in real time in three dimensions (3D) from inside the esophagus of 

patient, see Figure 1.1a. TEE is an essential diagnostic modality for patients with poor 

trans-thoracic echocardiographic windows (i.e. when using ultrasound to image the 

heart from outside the patient’s body is difficult) or in case detailed imaging of 

structures distant from the chest wall is necessary. During the TEE test, an ultrasound 

transducer mounted at the tip of a gastroscopic tube passes through the patient’s 

mouth into the patient’s esophagus for cardiac imaging. The proximity of the esophagus 

to the heart provides a good acoustic window for ultrasound imaging, and hence 

provides high quality images of the heart [1]. 

   

                                 (a)                              (b) 

Figure 1.1: (a) Transesophageal echocardiography (TEE) for cardiac imaging from inside the 

human esophagus [2]; (b) A TEE ultrasound probe (from GE healthcare) for 3D heart imaging. 

The TEE scan head, i.e. the tip of the TEE probe, shown in the inset is the focus of this study. 
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This project focuses on the scan head of the TEE probe (i.e. the tip of the TEE probe), 

referred to as ‘TEE scan head’ or just ‘scan head’. The TEE scan head (as in Figure 1.1b) 

contains the ultrasound transducer and beamforming electronics. Its current 

encapsulation requires manual assembly of a substantial number of prefabricated parts, 

as illustrated in Figure 1.2. These parts provide the TEE scan head with different 

functions, such as thermal management, electromagnetic interference (EMI) shielding, 

electrical isolation, biocompatibility, etc.  

 

Figure 1.2: Schematic overview of the encapsulation of a simplified TEE scan head. “Heat 

spreader and EMI housing” parts spread the heat from the ultrasound transducer and give EMI 

shielding for the scan head. “Scan head lid” and “scan head shell” define the outer shape of the 

probe head and are in close contact with biological tissues [3].  

A particular challenge in the assembly of the TEE scan head is the processing 

temperature. The ultrasound transducer inside the TEE scan head includes a poled 

piezoelectric material, which loses the polarization above its Curie temperature. 

Therefore, manufacturing of the TEE probes should not expose the transducer to 

temperatures higher than its depolarization temperature (in the range of 80 – 100 °C). 

Adhesive bonding has been the primary method employed in the assembly steps of the 

TEE scan head. Since the functional parts of the TEE scan head are relatively small in size, 

with varying shape, careful alignment and manual application of a small amount of 

adhesives on their surfaces are challenging and time-consuming. It is therefore desirable 

to simplify the encapsulation design and the assembly of the TEE scan head to reach a 
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more efficient manufacturing, while maintaining high image quality and healthcare 

safety, e.g. protection from heat and electricity, biocompatibility and ease of cleaning.  

1.1.2 New encapsulation concepts for medical ultrasound probes  

New encapsulations for simplifying the TEE scan head assembly: 

The PhD work aimed at developing a simpler encapsulation design and 

manufacturing process to reduce the assembly complexity of the TEE scan head, without 

sacrificing the multi-functional performance (i.e. protection from heat, electricity, EMI 

and biocompatibility). The process temperature should be controlled to avoid the 

complicated re-polarization step for the TEE ultrasound transducer. The simplification 

of the probe assembly can be achieved by: (1) selecting materials and corresponding 

packaging techniques suitable for automated processes (which might be obtained by a 

single-layer encapsulation, see Figure 1.3a), or (2) reducing the number of process steps 

by reducing the number of prefabricated parts (which might be obtained by a two-layer 

encapsulation, see Figure 1.3b). 

 

(a)                                                                                  (b) 

Figure 1.3: Cross-section schematics of the simplified TEE scan head (not drawn to scale), 

with (a) single-layer encapsulation, or (b) two-layer encapsulation. 

Two-layer encapsulation (as illustrated in Figure 1.3b) is a promising solution for 

simplifying the assembly of the TEE scan head. It could result in the reduction in the 

number of prefabricated parts. Separate parts in the current encapsulation of the TEE 

scan head (i.e. heat spreader and EMI housing parts, scan head lid and scan head shell, 
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as in Figure 1.2) can be incorporated into two encapsulation parts with the two-layer 

structure. Prefabricated encapsulation parts still exist in the two-layer encapsulation, 

but their number decreases, leading to the decrease in the number of process steps. 

The reduction in the number of prefabricated parts, from four parts in the current scan 

head to two parts with the two-layer encapsulation concept, can therefore simplify the 

probe assembly.  

Encapsulation of TEE scan heads and other interventional medical devices (such as 

pacemakers, cochlear implants, implantable neuromuscular micro-stimulators, artificial 

retina implants) is often made of at least two materials [4] to fulfil several functional 

requirements; not only thermal safety, but also EMI shielding, electrical isolation, and 

biocompatibility. To the best of our knowledge, there is no single material (e.g. 

polymers, ceramics, metals, or their composites) for a single-layer encapsulation which 

can satisfy all the requirements of the TEE scan head, especially the contradictory 

requirements of electrical isolation and EMI shielding. Hence, a single-layer 

encapsulation approach was not included in this PhD work. In general, the encapsulation 

of a medical device usually composes of an electrically conductive material (e.g. metallic 

based material) which provides EMI shielding [5] and heat transfer ability [6], due to 

high electrical and thermal conductivity. The second material is commonly an electrically 

insulating material which is responsible for electrical isolation and biocompatibility, 

and/or heat spreading, e.g. a polymeric or ceramic based material, or composites of 

these two materials.  

A two-layer encapsulation could be based on: (1) a metal part with a polymer or 

ceramic coating on the outside, or (2) a polymer-based part metallized on the inside, or 

(3) two layers consisting of different polymer-based composites. In this thesis, the term 

"composite" is used for a material with a polymer matrix containing functional 

fillers/particles. 

- In the first case, a thin film of a biocompatible polymer or ceramic covers the outside 

of a metal part. A metal part provides good heat spreading, EMI shielding and 

mechanical integrity for the encapsulation. However, an encapsulation with metal 
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as the main material may be heavier than what is needed for the function. In 

addition, applying a uniform and smooth coating of a biocompatible polymer (e.g. 

parylene coating) or ceramic (e.g. Al2O3) on a metal part often requires complicated 

fabrication processes, e.g. chemical vapor deposition, atomic layer deposition [7].  

- In the second case, the encapsulation consists of a metal layer deposited on the 

inner surface of the prefabricated part made of polymer or polymer composite. This 

encapsulation concept utilizes the advantages of polymeric materials, such as low 

density, easy and flexible processing, and low cost [8]. Additionally, a metallized 

encapsulation can be fabricated by combining well-established industrial methods, 

such as e.g. injection moulding for the polymer-based part, and metallization by 

vacuum metallization, electroless plating, electroplating, or even spray painting [9], 

[10]. A thin metal film (in the micro- or nanometer range) can provide enough EMI 

shielding for a TEE scan head and other non-radiation emitting medical devices [5], 

[11], [12]. For example, the metallized encapsulation with 10 – 100 µm Cu can 

provide EMI shielding effectiveness (EMISE) higher than 100 dB in the frequency 

range of (0.03 – 3) GHz, which is a common frequency range for testing EMISE of 

medical devices used in professional healthcare facility environment [11]. These 

values are above the shielding requirements for devices in the classification which 

applies to TEE scan heads (group 1, class B in the electromagnetic compatibility 

standards for medical electrical equipment, IEC 60601-1-2 [11] and CISPR 11 [12]). 

For example, the peak limit for radiated disturbance of these devices, at a 

measurement distance of 3 m, in the frequency range (1 – 3) GHz is 70 dB [12]. 

However, for a metallized encapsulation, the trade-off between metal and polymer 

or polymer composite thickness needs to be considered, so that the encapsulation 

can provide sufficient heat spreading, to avoid hot spots on the device surface.  

- In the third case, two composite layers are responsible for thermal management of 

the encapsulation. The inner layer of the encapsulation can be made of an 

electrically conductive polymer-based composite. The composite needs to contain 

electrically conductive fillers (e.g. metals, carbon-based fillers), to provide the 
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encapsulation with EMI shielding and good heat spreading. Meanwhile, the outer 

layer is made of thermally conductive polymer-based composite, responsible for 

electrical isolation, biocompatibility, and thermal management. The polymer 

composite of the outer layer should contain thermally conductive but electrically 

insulating fillers, (such as ceramic fillers, either metal oxides, e.g. alumina (Al2O3), 

quartz (crystalline SiO2), or non-oxides, e.g. aluminium nitride (AlN), boron nitride 

(BN), silicon nitride (Si3N4), silicon carbide (SiC), etc.). Selecting filler(s) for the two 

polymer-based composites is important, since the filler types and filler loadings 

determine the properties (e.g. thermal conductivity, electrical isolation, EMI 

shielding, etc.) and processability of materials. The two-polymer composite 

encapsulation parts can be fabricated by common processing methods for polymer-

based materials, e.g. two component injection moulding. Thermal transfer and EMI 

shielding effectiveness measurements of this encapsulation should be conducted at 

material and product levels, to select the appropriate polymer composites and 

thickness of each layer suitable for the device to operate properly. 

Thermal management of the TEE scan head with metallized encapsulation is 

presented in Chapter 2 and summarized in Chapter 4 (Article 1 [13], Article 2 [14], 

Article 4 [3]). The applicability of polymer composites in two-layer encapsulation of 

the TEE scan head has been evaluated by simulations in Article 3 [15]. 

1.1.3 Thermal management for medical ultrasound probes  

Thermal management of a TEE scan head is crucial for patient safety, as heat is 

generated by the transducer and the electronics in the scan head during imaging. 

Therefore, the heat distribution on the surface of the scan head needs to be properly 

managed to prevent hot spots. According to the standard for the safety and 

performance of ultrasonic medical diagnostic equipment, IEC 60601-2-37, temperature 

of medical devices in contact with the patient for 10 minutes or longer must not be 

higher than  43 °C, to prevent thermal damage to biological tissue [16]. In addition, 

proper thermal control is vital for the performance, lifetime and reliability of medical 

devices [4], [9]. 
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Thermal management of medical devices can be based on active solutions (requiring 

power, e.g. fans for forced convection, pumps for liquid cooling, refrigeration) or passive 

solutions (e.g. heat sinks, heat spreaders, heat pipes, vapor chambers, phase change 

materials) [4], [9], [17]. As technological advancements enable medical devices to 

become more compact, implementing solutions such as heat pipes, vapor chambers, 

fans, etc. for cooling the device will become more challenging due to space constraints. 

Instead, the encapsulation of the device can act as an effective heat spreader to 

dissipate heat generated inside the device. This solution has been applied in the 

encapsulation of the current TEE scan head. Materials of such encapsulation should 

hence possess high thermal conductivity to ensure effective heat transfer for the device.   

The development of new polymer-based composite materials with enhanced 

thermal conductivity has been driven by the miniaturization, integration, and 

functionalization of electronics. Polymer composites have advantages of low density, 

low cost, and processing flexibility via established methods, such as injection moulding, 

transfer moulding, compression moulding, casting, 3D printing, etc. The polymer matrix 

in a composite can be a thermoset (e.g. epoxy, silicone) or a thermoplastic, including 

elastomers of either type. Most polymers possess low thermal conductivity, typically in 

the range 0.1 – 0.5 W/m·K [8]. The most commonly used technique to increase the 

thermal conductivity of a polymer material is to add thermally conductive fillers like 

metal powders, ceramic powders and carbon-based materials [8]. Some fillers 

improving thermal conductivity will not contribute to EMI shielding, such as ceramic 

powder; either metal oxides, e.g. alumina (Al2O3), quartz (crystalline SiO2); or non-

oxides, e.g. aluminium nitride (AlN), boron nitride (BN), silicon nitride (Si3N4), silicon 

carbide (SiC), etc. However, fillers such as metal powders (e.g. Cu, Ag, Al, etc.) and 

carbon-based materials (e.g. carbon black, carbon fibers, carbon nanotubes, graphite, 

graphene, etc.) will give both electrical conductivity and EMI shielding.  

A study of thermally conductive and electrically insulating polymer-based composites 

(for the TEE scan head encapsulation) is presented in Chapter 3 and Article 5 [18]. 
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1.1.4 Electromagnetic interference shielding for medical ultrasound 

probes  

Undesirable electromagnetic (EM) radiation emitted from electronics under 

operation can interfere with the signals and cause malfunctions in electronic systems. 

Emitted EM waves may endanger people’s health as well [19]. EMI shielding hence plays 

an important role in electronics packaging to ensure the proper operation of electronics 

devices and healthcare safety for humans. The shielding prevents the propagation of 

both ingress and egress of EM waves and minimizes the unwanted signals passing 

through a system either by reflection of the wave or by absorption and dissipation of 

the radiation power inside the materials [5], [20]. The use of metallic sheets is a common 

method for EMI shielding; and this is the solution utilized in the TEE scan head so far. 

However, its drawback is poor mechanical flexibility, heavy weight, tendency for 

corrosion, and limited possibility to tune the shielding effect.  

In latter years, research focus in the field of EMI shielding materials has been 

intensely directed towards the development of polymer-based materials to take 

advantage of their variable EMI shielding effectiveness. Different strategies have been 

proposed to achieve EMI shielding with polymer-based composites. Polymer composites 

containing conductive fillers (e.g. nano metals, carbon-based materials as CNTs, 

MWCNTs, graphene [20]–[22]; intrinsically conductive polymer [20], [22]; transition 

metal carbides/carbonitrides (MXenes) [23], [24], etc.) are suitable for EMI shielding due 

to their capabilities of reflecting incoming waves. Composites formed by loading 

polymer with fillers having high dielectric constant and/or high magnetic permeability 

(e.g. metal oxides, ferromagnetic metals and their alloys) can result in effective EMI 

absorption [20], [25], [26]. Multilayer or porous polymer composites with large surface 

area and interfacial area are suitable for shielding by multiple reflections [5], [20], [25]. 

Combining different fillers in the same polymer matrix can enhance the shielding 

efficiency of the multifunctional composites thanks to synergistic effects [20], [25], [26]. 

Metallization of plastic surfaces is another common approach for shielding EMI. Metals 
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can be deposited with different coating techniques, such as vacuum metallization, 

sputtering, electroplating, and electroless plating, or spray painting [20]. 

One of the initial targets of this project was to develop a new multi-functional 

polymer composite for the single-layer encapsulation (suitable for automated packaging 

process) for simplifying the assembly of the TEE scan head, as well as satisfying all the 

safety demands (i.e. thermal protection, EMI shielding, electrical isolation and 

biocompatibility). However, the research target had to be adjusted due to the challenges 

in selecting one material for the contradictory requirements of EMI shielding and 

electrical isolation, and the lack of test equipment for evaluating the EMI shielding of 

materials (at material level). 

Instead, an EMI shielding polymer-based composite could be used in the inner layer 

of the TEE scan head’s two-layer encapsulation. Both composites in this encapsulation 

contribute to the heat transfer. The outer layer should be thermally conductive, but 

electrically insulating and biocompatible. The EMI shielding inner layer should be 

thermally and electrically conductive.  

A study of the encapsulation consisting of two polymer composite layers for the TEE 

scan head is presented in Article 3 [15]. 

1.1.5 Fabrication methods for polymer-based materials 

Moulding is a widely utilized packaging technique in the industry today. There are 

several processes employed for moulding of small parts (as the TEE scan head 

encapsulation) using polymer-based materials, including injection moulding of 

thermoplastics, transfer moulding or compression moulding of thermosets [9]. Injection 

moulding is a well-established method for mass production of polymer-based products. 

Transfer moulding and compression moulding with thermosets (e.g. epoxy, silicone, 

etc.) can be conducted at processing temperature lower than the injection moulding 

temperature. The curing (solidification) of the liquid resin into a solid thermoset (hard 

or elastomeric) is a chemical reaction (cross-linking); so, the process temperature can 

be adjusted based on the chemistry of the material. UV-induced curing can be used to 
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avoid high process temperature, and it may be combined with thermal post-cure. In case 

that the low processing temperature is required (as in the TEE scan head assembly), the 

moulding with thermoset is an alternative.  

Casting with thermoset-based polymer composites is another processing option for 

the two-layer composite encapsulation. In a casting process, composites are produced 

by mixing fillers into resins (such as epoxy, silicone, etc.), followed by pouring or injecting 

the (filler/polymer) mixture into a mould for curing. 

Three-dimensional (3D) printing, also called additive manufacturing (AM), has 

emerged as a versatile technology platform for product design, rapid prototyping, and 

manufacturing. This technology enables direct 3D fabrication without the need for 

moulds or machining, and allows for the production of 3D structures with complex shape 

across a diverse range of applications, such as aerospace, automotive, energy, 

medical/dental, architecture and consumer products [27], [28]. 3D printing is a process 

of building objects layer by layer from a 3D computer-aided design (CAD) model. 

Customized parts from metals, ceramics, and polymers can be produced by 3D printing. 

However, polymers are by far the most utilized class of AM materials. The range of 

polymers compatible for 3D printing encompasses thermoplastics and thermosets 

including elastomers and composites based on these. 3D printing technologies are 

classified into different process categories as defined in a common ISO/ASTM standard 

52900 [29]. The categories for polymer-based materials include vat 

photopolymerization, powder bed fusion, material extrusion, material jetting, binder 

jetting and sheet lamination [27].  

In this PhD project, different processing techniques of polymer-based materials were 

used to prepare samples for testing. Metallized polymer encapsulation was made by 

material jetting (an AM process also referred to as PolyJet 3D printing) followed by 

electroplating. Thermally conductive polymer composites were fabricated by injection 

moulding, casting and powder bed fusion (an AM process).  
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1.2 Objectives and thesis outline 

1.2.1 Objectives 

The PhD project was an integrated part of a collaborative research between 

Department of Microsystems (IMS), University of South-Eastern Norway (USN) and GE 

Vingmed Ultrasound, a manufacturer of real-time 3D TEE ultrasound probes in Horten, 

Norway. The project aimed at developing packaging concepts (based on materials, 

design, and processing methods) for simplifying the assembly of the scan head of the 

TEE ultrasound probe, while satisfying the multi-functional demands for the device to 

operate safely inside the patient’s body.  

Simplification of a TEE scan head assembly could be achieved by a new encapsulation 

design with fewer prefabricated parts, so that the number of assembly steps could be 

reduced. Two-layer encapsulation (based on e.g. metallized polymer encapsulation, or 

encapsulation with two polymer composites) is a potential encapsulation alternative for 

a more efficient assembly of the TEE scan head.   

Among different functions required for the TEE scan head, thermal management is 

vital to the performance, lifetime, and reliability of the device, and especially the patient 

safety (e.g. maximum surface temperature of the device not higher than 43 °C to avoid 

thermal damage to human tissues). Therefore, this project focused on studying new 

encapsulation concepts and materials for the thermal management of the TEE scan 

head. The two main research topics presented in this thesis include: (1) thermal 

management of the TEE scan head with two-layer encapsulation, especially metallized 

polymer encapsulation, and (2) thermally conductive polymer composites. These topics 

have been studied in detail through experiments, theories, and simulations.  

1.2.2 Thesis outline 

This thesis consists of five chapters and attachments (the five published articles). 
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- Chapter 1 introduces the TEE ultrasound probe (a medical ultrasound imaging 

device) and the requirements for the encapsulation (thermal management and EMI 

shielding), and the new encapsulation concepts suggested for a more efficient 

assembly of the TEE scan head. This chapter also presents the research goals and the 

thesis outline.  

- Chapter 2 presents heat transfer studies of several encapsulation concepts for the 

TEE scan head, with the focus on a metallized polymer encapsulation (a promising 

and easily implemented option). Thermal performance of the TEE scan head with 

the metallized encapsulation was studied by both experiments and simulations. This 

chapter is also the summary of Articles 1, 2 and 4. 

- Chapter 3 summarizes the experimental study of hBN/polymer composites. It also 

presents the experimental study and simulations of filler orientation in the polymer 

composites, and the comparison of the experimental thermal conductivity with 

theoretical models. In addition, this chapter emphasizes the aspect not detailed in 

article 5 (related to the surface treatment of hBN fillers).  

- The major achievements and contributions of the candidate are summarized and 

highlighted in Chapter 4.  

- An outlook and future work are summarized in Chapter 5.  

The research results of this PhD project were published in five papers; three papers 

(Articles 1, 2, 4) focused on the thermal management of a TEE scan head with two-layer 

encapsulation; and the remaining two papers (Articles 3, 5) focused on studying 

thermally conductive polymer composites and their relevant processing methods. 
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Chapter 2. Heat transfer of an ultrasound scan head 

with two-layer encapsulation 

This chapter is adapted from the published Article 1 [13], Article 2 [14] and Article 4 [3]. 

2.1 Experimental study of a metallized polymer encapsulation 

For the TEE scan head, thermal management is important for maintaining the 

optimal performance, reliability, and lifetime of the devices, and especially the patients’ 

safety. In Article 1 (the preliminary study of new encapsulations for the TEE scan head) 

[13], thermal performances of several new encapsulation concepts for the TEE scan 

head were evaluated by heat transfer simulations. Single-layer encapsulation and two-

layer encapsulation (e.g. polymer-coated metal encapsulation, metallized polymer 

encapsulation) were analysed. In addition to the main constraint for the maximum 

surface temperature (not exceeding 43 °C to avoid thermal damage to biological 

tissues), the new encapsulation is required to fulfil the demands of EMI shielding, 

electrical isolation, and biocompatibility, as well as to simplify the assembly of the TEE 

scan head. The study [13] indicated that a metallized polymer encapsulation is a 

potential encapsulation concept for the TEE scan head. More details about the study 

[13] are summarized in Article 1 in Chapter 4. 

Thermal management of the TEE scan head with metallized polymer encapsulation 

was assessed by both experimental work and numerical simulations, and presented in 

Articles 2, 4. The metallized polymer encapsulation parts were fabricated by 3D printing 

followed by Cu electroplating. The surface temperature of the test sample with 

metallized polymer encapsulation was measured in a tissue mimicking thermal 

phantom, which was stabilized at around 37 °C (human body temperature). The effect 

of metal layer thickness (0, 10, 80, 150 µm of Cu) for a 0.9 mm thick polymer 

encapsulation part, for different heat source power levels (0.5 – 2.0 W), was studied by 

experiments and simulations. The results give insight on the heat transfer of the device 

and provide a basis for establishing design rules and selecting material alternatives for 
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the outer layer of the metallized encapsulation, to further improve the thermal 

performance of such medical devices. 

The next sections in Chapter 2 describe the material selection, the fabrication of the 

metallized polymer encapsulation (including 3D printing of polymer parts followed by 

Cu electroplating), the preparation of test samples (representing the simplified TEE scan 

head), and the temperature measurements in a tissue-mimicking phantom. All the 

experimental work is described in detail in the Experiments section in Article 4 [3].  

2.1.1 Materials and sample preparation 

A test sample, representing a simplified TEE scan head, included a heat source, a 

heat sink and a metallized polymer encapsulation, as in Figure 2.1. The heat source 

represented electronic components generating heat within the scan head, such as the 

ultrasound transducer and electronics. The geometry of the heat sink was similar to that 

in a commercial device. The metallized polymer encapsulation consisted of a thin metal 

layer deposited on the inner surface of the prefabricated polymer parts.  

 

(a)                                                     (b)                                                  (c) 

Figure 2.1: (a) Cu electroplated polymer part; (b) Heat source (resistive heating element) 

bonded to an Al heat sink; (c) Test sample after assembly. 

The encapsulation was fabricated by polymer 3D printing followed by electroplating. 

Two mating parts (one part corresponding to Figure 2.1a) were 3D printed. A UV-cured 

polymer material was used with the 3D printer Stratasys Objet30 Prime, which is based 

on PolyJet 3D printing technology [30], belonging to the material jetting process 

category of additive manufacturing [29]. The biocompatible polymer material MED610 

(from Stratasys) was selected, because this polymer has the thermal properties similar 
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to polymer encapsulation materials commonly used for interventional medical devices 

(e.g. PEI and PEEK), and it also provides electrical isolation and compatibility with 

biological tissue. A metal layer with desired thickness (10, 80, 150 µm) was deposited 

on the inner surfaces of the polymer parts (0.9 mm thick) by means of sputtering 

followed by electroplating. Copper (Cu) was chosen as the electroplating material due 

to its high thermal conductivity (400 Wm-1K-1) [6], its effectiveness in EMI shielding [5], 

and its low cost. Furthermore, Cu electroplating is a common industrial process [10]. 

Figure 2.1a shows one encapsulation part after Cu electroplating.  

The electroplated parts were subsequently assembled around a heat source and an 

aluminium (Al) heat sink by adhesives to make the test sample, as illustrated in Figure 

2.1. The hole for the electrical wires at the tail of the sample, and the seams between 

two mating electroplated parts, were sealed with a medical silicone. The remaining 

volume inside the sample (containing electronic components and cables in a typical scan 

head) was empty (air) for simplifying the simulations later and representing a worst-case 

scenario with regards to heat transfer. 

2.1.2 Temperature measurement in tissue-mimicking thermal phantom 

The surface temperature of the test samples with attached thermocouples (as in 

Figure 2.2) was measured for 80 minutes (about twice the duration of a common TEE 

exam [16], [31]), when placed in a tissue-mimicking thermal phantom (National Physical 

Laboratory, England), stabilized at around 37 °C (see Figure 2.3). Test samples with 0, 

10, 80 and 150 µm thick Cu layers were tested. The effect of the heat source power was 

also considered. 

 

Figure 2.2: Thermocouples (T1, T2, T3) on the surface of the test sample. 
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(a)                                                    (b) 

Figure 2.3: A test sample in a tissue-mimicking thermal phantom in a climate chamber.  

Type T thermocouples were positioned at three different locations on the test sample 

(as in Figure 2.2), to determine the maximum surface temperature during the test. 

Thermocouple T1 was placed on the surface of the exposed heat source; thermocouple 

T2 was placed on the vertical surface, near the heat source; thermocouple T3 was placed 

on the other vertical surface, a bit further away from the heat source. The temperature 

of the thermal phantom was also measured with a thermocouple (Tr in Figure 2.3a). The 

thermocouple Tr was inserted into the thermal phantom ca. 46 mm away from 

thermocouple T1, and at nearly the same depth as T1 (ca. 50 mm from the top surface 

of the phantom). The thermocouples were logged (TC08 and PicoLog 6, PicoTech) every 

10 s for 80 minutes. The heat source was connected to a power supply (R&S NGE100, 

Rohde & Schwartz), and four different power levels (0.5, 1.0, 1.5, 2.0 W) were applied 

in the measurements.  

Figure 2.4 shows an example of the results of the temperature measurement in the 

tissue-mimicking thermal phantom. The maximum surface temperature of the test 

sample (T1) appears on the surface of the heat source (not encapsulated). Thermocouple 

T2 shows a higher temperature than thermocouple T3, due to T2 being closer to the heat 

source of the test sample. 
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∆T is defined as the difference between the maximum scan head surface temperature 

(T1) and the temperature of thermal phantom (Tr), at steady state. Results showed that 

the steady state ∆T (obtained by both experiments and simulations) increases linearly 

with increasing power. In addition, ∆T decreases with increasing Cu thickness (better 

heat spreading), following an exponential function. The experimental results also show 

which combinations of Cu layer thickness and power that satisfy the temperature 

criterion (T1 < 43 °C, i.e. ∆T < 6 °C). For a power level of 0.5 W, a Cu layer thickness 

around 100 µm (on a 0.9 mm thick polymer encapsulation) is a good trade-off between 

thermal performance and cost/time for the metallization process. More details can be 

found in Article 4 [3]. 

 

Figure 2.4: Measured temperatures for a test sample with polymer thickness 0.9 mm, Cu 

thickness 150 µm, and heat source power 0.5 W.  

2.2 Heat transfer simulations for a scan head with two-layer 

encapsulation 

This section summarizes the heat transfer simulations for the TEE scan head with 

two-layer encapsulation (e.g. metallized encapsulation, two-polymer composite 

encapsulation).  
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2.2.1 Simulation model for steady state heat transfer 

A simulation model, representing the experimental test sample (Figure 2.1c) in the 

thermal phantom, was defined in COMSOL Multiphysics 5.3a. The model (Figure 2.5) 

includes a heat source, a heat sink and a two-layer encapsulation. The heat source 

represented electronic components generating heat within the scan head, such as the 

ultrasound transducer and electronics. The geometry of the heat sink was similar to that 

in a commercial device. The encapsulation covered the entire scan head, except the heat 

source’s surface, which is the ultrasound lens, as shown in Figure 2.1c.  

   

Figure 2.5: Cross-section schematics of the test sample (not drawn to scale), consisting of a 

heat source, a heat sink and a two-layer encapsulation. The heat source was bonded to the 

heat sink using a thermally conductive adhesive. The heat sink was coupled to the inner layer 

via a thermally and electrically conductive adhesive. The hole for the electrical wires of the heat 

source was sealed with silicone. The remaining volume inside the sample (containing electronic 

components and cables in a typical scan head) was empty (air) for simplifying the simulations 

and representing a worst-case scenario with regards to heat transfer.  

The heat source was modelled with uniform volumetric heat generation. In this 

study, steady-state thermal conduction is considered the main mechanism of heat 

transport. The thermal contacts between the components in the scan head were 

assumed to be perfect. The heat transfer can be described by the thermal diffusion 

equation, which is derived from the principles of conservation of energy and Fourier’s 

law [6]. The steady-state heat equation is: 
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𝑘∇2𝑇 + 𝑞 = 0 
 

(2.1) 

where k is the thermal conductivity (W/(m·K)) of the solid material; ∇2 is the Laplace 

operator; T is the scalar temperature field (K); q is the rate at which energy is generated 

per unit volume of the medium (W/m3). 

For the outer surfaces of the scan head (in contact with the thermal phantom), a 

heat flux boundary condition with a thermal contact conductance (TCC) coefficient was 

applied: 

𝑞0 = ℎ𝑐(𝑇𝑒𝑥𝑡 − 𝑇) (2.2) 

where hc is the TCC coefficient (Wm-2 K-1); Text is the temperature of the phantom (K), 

(assumed to be constant, 37 °C in this case); T is the temperature of the scan head 

surface (K); q0 is the heat flux (Wm-2). The TCC coefficient is the inverse of the thermal 

contact resistance [32], [33]. The TCC coefficients were used for the exterior of the scan 

head, as in Figure 2.6.  

- In Article 1 (the preliminary study on heat transfer simulations of different 

encapsulation concepts for the TEE scan head) [13], the heat transfer coefficient (or 

TCC coefficient), hc, was set to be 400 (W/(m2·K)). This value was based on the 

calculation from esophageal heat transfer measurements on a pig. 

- In the studies on heat transfer of the TEE scan head with two-layer encapsulation 

(Article 3 [15] and Article 4 [3]), the hc values were determined by comparing the 

simulated and measured steady-state surface temperatures. To obtain a good 

agreement between the simulation and experiments, the steady-state heat transfer 

model was calibrated with two hc values for the boundary conditions of the scan 

head exterior surface (towards the thermal phantom); one for the un-encapsulated 

heat source (250 Wm-2K-1) and one for the outer encapsulation layer (46 Wm-2K-1). 

The main constraint of the heat transfer simulations is to keep the maximum surface 

temperature of the scan head below 43 °C to ensure thermal safety for patients. Another 
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constraint is the outer dimensions of the scan head, which should be similar to, or 

smaller than, those of the existing scan head (1 mm). This sets limits for the thickness of 

the encapsulation. 

  

Figure 2.6: Illustration of thermal contact surfaces (in blue) for which Equation (2.2) was 

applied.  

The thermal conductivities of the materials in the model are listed in Table 2.1. In 

Articles 1 and 4, only isotropic thermal conductivity has been considered for the 

metallized polymer encapsulation. In addition to the metallized polymer encapsulation, 

the two-layer encapsulation for the TEE scan head can be based on a metallized polymer 

composite (cases 1b, 1c in Table 2.1), or it can consist of two polymer composites (case 

2 in Table 2.1).  

Similar to the metallized polymer encapsulation, the metallized polymer composite 

(cases 1b, 1c) also consists of a metal layer (0.15 mm) deposited on the inner surface of 

prefabricated polymer composite part (0.9 mm). The metal layer provides heat transfer 

and EMI shielding, while the outer layer provides electrical insulation, biocompatibility, 

and some heat transfer. In an encapsulation consisting of two composite layers (case 2), 

both layers will contribute to the heat transfer. The outer layer should be thermally 

conductive, but electrically insulating and biocompatible. The inner layer should be 

thermally and electrically conductive, to take care of both heat transfer and EMI 

shielding. The total encapsulation thickness in the simulations was 1 mm, due to the 

thickness limit of the current encapsulation of the TEE scan head. Two cases of thickness 

combination (0.5/0.5 mm and 0.9/0.1 mm, corresponding to case 2a and 2b, 

respectively) for the two-layer encapsulation with two composites were simulated.  



Do: Novel encapsulation of a medical ultrasound probe 

 

  

___ 

21 

 

Table 2.1: Material data used in the thermal simulations.  

Component Material Thermal conductivity  

k (Wm-1 K-1) 

Heat source  Metal ceramic heater [34]  20 

Heat sink  Al alloy 6082 [35] 180 

Adhesive between heat 
source and heat sink 

Thermally conductive adhesive 
[36] 

1.3 

Adhesive between heat sink 
and encapsulation 

Thermally and electrically 
conductive adhesive [37] 

2.5 

Coverage of the hole for the 
electrical wires  

Medical silicone  0.2* 

Remaining volume inside the 
sample 

Air [38] k(T) via COMSOL's 
material library 

Case 1: Metallized encapsulation (metallized polymer, or metallized polymer composite) 

Inner layer (0.15 mm) Electroplated Cu [39] 380 

Outer layer (0.9 mm) Typical polymer (case 1a) 0.2* (isotropic) 

 hBN/TPU, assumed isotropic 
(case 1b) 

2.1 (isotropic) 

 hBN/TPU, anisotropic (case 1c) 2.1 (through-plane) ** 
(this work) 

12 (in-plane) ** [40]  

Case 2: Encapsulation consisting of two composite layers (total thickness 1.0 mm) 

Inner layer: 0.5 mm (case 2a) 
or 0.9 mm (case 2b) 

Thermally and electrically 
conductive polymer composite 
from Celanese 

4.5 (through-plane) *** 

34 (in-plane) *** [41]  

Outer layer: 0.5 mm (case 2a) 
or 0.1 mm (case 2b) 

hBN/TPU (thermally conductive 
and electrically insulating) 

2.1 (through-plane) ** 
(this work) 

12 (in-plane) ** [40] 

* Values from references [42], [43]. 

** The through-plane value (2.1 W/mK) is the highest obtained in our experimental study. The 
in-plane value (12 W/mK) is estimated based on ref. [40] which studied the anisotropic thermal 
conductivity of injection moulded hBN/PEEK composites. The highest in-plane and through-
plane values in that study were 2 W/mK and 12 W/mK, respectively, for 60 wt% hBN (with size 
of 25 – 30 µm).  

*** Values based on a commercial  material (Celanese CoolPoly E5521) [41]. These values seem 
to be among the highest reported for commercial materials. Other materials were also 
simulated; one from Avient (with 5.5 W/mK through-plane and 19 W/mK in-plane) and one from 
Sabic (with 1.5 W/mK through-plane and 18 W/mK in-plane). 
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Thermally conductive and electrically insulating polymer composites (e.g. 

hBN/polymer composites) have been studied in Article 5 [18] and also presented in 

Chapter 3. Examples of commercially available, thermally, and electrically conductive 

polymer composites are shortly mentioned in Table 2.1. The thermally conductive 

polymer composites often have anisotropic thermal conductivity, due to the filler 

shapes (e.g. hBN platelets, carbon-based material, etc.) and effects of processing 

methods. Hence, anisotropic thermal conductivity is included in the simulation study on 

the thermal performance of the two-layer encapsulation consisting of two polymer 

composites in Article 3 [15].  

The 3D model was meshed using tetrahedral elements (see Figure 2.7), with 

quadratic shape functions. The mesh sizes were selected so that they adequately 

described the heat flow in the thinnest layer of the model (e.g. 10 µm thick Cu layer). 

The mesh had one element across the thin layers in the model (e.g. adhesive layers, Cu 

layer in the metallized encapsulation). An initial check with finer meshes (two elements 

across the thin layers, as well as an overall finer mesh with five times the number of 

elements) gave the same value for the maximum surface temperature, within 0.1 K. 

Hence, the mesh was optimized for simulation accuracy and calculation time.  

 

                             (a)                                                                   (b) 

Figure 2.7: (a) Mesh on one half of the model, with a 0.9 mm thick polymer layer and a 150 

µm thick Cu layer; (b) a zoom-in corresponding to the red rectangle in (a).   

2.2.2 Verification of simulation model by experimental results 

With the thermal conductivities in Table 2.1, the simulation model (with the 

metallized polymer encapsulation) was first calibrated with the experimental data (∆T 
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vs. Cu thickness (0, 10, 80, 150 µm) and heat source power (0.5, 1.0, 1.5, 2.0 W), i.e. 16 

data points) by adjusting a single TCC coefficient (hc). With a hc value of 75 Wm-2 K-1, the 

simulated ∆T values agreed well with the experimental data of samples having a non-

zero Cu layer thickness. However, the ∆T values of the samples without Cu were grossly 

overestimated, as shown in Figure 9 in Article 4 [3]. Alternatively, a hc value could be 

found so that ∆T values for zero Cu samples agreed with experiments, but then the ∆T 

values for non-zero Cu samples were underestimated. Hence, the balance between the 

two main thermal flow paths, "directly" through the heat source and via the 

encapsulation, was obviously poorly modelled with one hc value.  

To improve the prediction of the simulation model, two different TCC coefficients 

were used; hc1 for the heat source surface (modelled as Al2O3) and hc2 for the remainder 

of the scan head surface (the polymer encapsulation). A TCC coefficient accounts for 

effects of e.g. surface roughness at the interface, but it is evidently also related to bulk 

properties of the contacting materials, such as the thermal conductivity [33], [44]. 

Hence, it is argued that the heat source and the polymer encapsulation, with thermal 

conductivities differing by a factor 100 and different surface roughnesses, can have 

different TCC coefficients. These coefficients also effectively account for differences in 

contact area/pressure towards the thermal phantom. A good overall fit to all 

experimental data points (with and without a Cu inner layer, at different power levels) 

was achieved with hc1 and hc2 set to 250 Wm-2 K-1 and 46 Wm-2 K-1, respectively. More 

details about the calibration of the simulation model are presented in Article 4 [3]. 

Article 4 [3] also presents simulation results related to: temperature distributions for 

different encapsulations (with and without Cu); relationship between the polymer layer 

thickness (tpo) and the maximum surface temperature increase (∆T) for different Cu 

thickness at a specific power level (0.5 W); the simulated effect of thermal conductivity 

of the outer layer material on the maximum surface temperature increase for different 

power levels. 
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2.2.3 Application of the verified simulation model in selecting materials for 

the encapsulation of the TEE scan head 

2.2.3.1 Selection of promising materials for encapsulation of the TEE scan head 

According to the FEM results in section 2.2.2, the polymer of the metallized 

encapsulation (made of Cu and polymer) must be replaced by a material with higher 

thermal conductivity if the power level is above 0.5 W. This material could be a polymer-

filler composite with high thermal conductivity. Such a composite should also fulfil other 

safety requirements, such as electrical isolation and biocompatibility. An advantage of 

using a polymer-based composite is the compatibility of this material type with well-

developed packaging techniques, such as moulding processes (e.g. injection moulding, 

transfer moulding, or compression moulding) [9]. Composites based on a biocompatible 

polymer matrix and thermally conductive and electrically insulating fillers are promising 

candidates. The polymer could be a thermoset (e.g. biocompatible epoxy or silicone) or 

a thermoplastic (e.g. PEI or PEEK) [43]. Common thermally conductive and electrically 

insulating fillers are ceramic fillers; for example, metal oxides (e.g. alumina (Al2O3) or 

quartz (crystalline SiO2)), or non-oxide fillers (e.g. aluminum nitride (AlN), boron nitride 

(BN), silicon nitride (Si3N4))) [8]. Ohashi et al. [45] successfully prepared a polymer 

composite with thermal conductivity of 8.2 Wm-1K-1 from epoxy with 74 vol% AlN. The 

composite was applied in fabricating encapsulants for dissipating the heat generated in 

electronic devices. Thermal conductivity of 21.3 Wm-1K-1 was achieved for an epoxy/BN 

composite in a study by Zhu et al. [46]. Kusunose et al. [47] measured a thermal 

conductivity of 9.2 Wm-1K-1 for an epoxy composite with 60 vol% Si3N4 nanowires. 

Biocompatible ceramics can also be considered as outer layer materials for the 

metallized encapsulation. The outer encapsulation can e.g. be fabricated by powder 

injection moulding using AlN (100 – 300) Wm-1K-1 [8], [48], [49].  

Such suggestions for materials of the metallized encapsulation, based on the heat 

transfer simulations in Chapter 2, motivated the experimental study of thermally 

conductive polymer composites in Chapter 3.  
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2.2.3.2 Application of thermally conductive polymer composites for two-polymer 

composite encapsulation of the TEE scan head 

The heat transfer simulation was also used in studying the application of thermally 

conductive polymer composites for the two-layer encapsulation of the TEE scan head in 

Article 3 [15]. The thermally conductive polymer composites could be applied in a 

metallized polymer composite encapsulation (cases 1b, 1c in Table 2.1), or in the 

encapsulation consisting of two polymer composites (cases 2a, 2b in Table 2.1).  

The thermally conductive polymer composite of the encapsulation’s outer layer (in 

all cases 1 and 2) is required to be electrically insulating, to fulfil the safety demand of 

the device (electrical isolation). This could be achieved by the hBN/polymer composites 

studied in Chapter 3. For the encapsulation’s inner layer (cases 2a, 2b), the thermally 

conductive polymer composites should be electrically conductive to provide both heat 

transfer and EMI shielding for the device. 

The thermally conductive polymer composites often have anisotropic thermal 

conductivity, due to effects of filler shapes (e.g. hBN platelets, carbon-based material as 

CNT, carbon fibers, etc.) and processing methods (e.g. injection moulding, casting, etc.). 

Hence, anisotropic thermal conductivity is included when simulating heat transfer of the 

device with encapsulation containing polymer composite(s).  

Several combinations of materials and layer thicknesses were simulated for the 

encapsulation consisting of two polymer composite layers. Such encapsulations include 

an inner layer of commercial, thermally and electrically conductive materials and an 

outer layer of the best thermally conductive and electrically insulating hBN/TPU 

composite obtained in Article 5 [18]. The highest through-plane thermal conductivity of 

the composites was 2.1 W/mK, for the injection moulded hBN/TPU composite 

containing 65 wt% hBN. In the heat transfer simulations, the scan head encapsulation 

must satisfy the safety requirement that the maximum surface temperature (Tmax) of 

the scan head (in contact with human tissue) must be below 43 °C. 
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The simulation results (in Figure 2.9 and Figure 2.10) have demonstrated the 

applicability of the hBN/polymer composites in the two-layer encapsulation of the TEE 

scan head, particularly a metallized encapsulation (with 0.15 mm of Cu and 0.9 mm of 

hBN/TPU), or in a 1.0 mm thick encapsulation consisting of two layers (an outer layer of 

hBN/TPU and an inner layer of a commercial, thermally and electrically conductive 

polymer composite). Such encapsulations provide the TEE scan head with adequate heat 

transfer for power levels up to about 0.6 W. The results also show that for all cases 1 

and 2 in Table 2.1, the simulated Tmax occurs at the surface of the heat source, which is 

not encapsulated. 

Since commercial polymer composites have different conductivities and degrees of 

thermal anisotropy, thermal simulations were also employed to investigate the overall 

effect of anisotropic thermal conductivities on the surface temperature of the device 

with the two-polymer composite encapsulation. The simulations were performed with 

a range of different in-plane and through-plane thermal conductivities for the inner 

layer, of both cases 2a and 2b (0.5/0.5mm and 0.9/0.1mm). Results of using thermal 

simulations (with anisotropic material data) for evaluating and comparing anisotropic 

materials are presented in detail in Figure 9 of Article 3 [15].  

Simulation of metallized encapsulation (case 1a-1c) 

Simulation of an isotropic metallized polymer encapsulation (case 1a in Table 2.1) 

shows that for a power of ca 0.5 W, Tmax reached the limit of 43 °C, as in Figure 2.8. In 

this case, the surface temperature varies from 39.9 °C to 42.9 °C. The maximum surface 

temperature Tmax occurs at the surface of the heat source, which is not encapsulated. 

The Tmax satisfies the safety demand, i.e. no spots on the surface are hotter than 43 °C. 
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Figure 2.8: Simulated surface temperature for case 1a in Table 2.1. The outer polymer 

thickness is 0.9 mm, the inner Cu layer is 150 µm thick, the heat source power is 0.5 W.  

If the polymer is replaced by the hBN/polymer composite with the highest thermal 

conductivity in Article 5 [18], and isotropy is assumed (case 1b, Figure 2.9a), Tmax is 

reduced to 42.2 °C for the same power (0.5 W). Tmax = 43 °C is reached for a power of 

0.59 W. With the anisotropic material model (case 1c, Figure 2.9b), Tmax is reduced to 

42.1 °C for the same power (0.5 W). The anisotropic material provides better heat 

transfer, due to its higher in-plane conductivity. The term ‘in-plane’ here relates to any 

direction along a plane (of the moulded encapsulation part) which has a normal vector 

in the thickness direction. 

  

                                  (a)                                                                         (b) 

Figure 2.9: Simulated surface temperature of the TEE scan head with power 0.5 W. (a) Case 

1b in Table 2.1. (b) Case 1c in Table 2.1. 

Simulation of encapsulation consisting of two polymer composites (case 2a, b) 

Two cases of two-layer polymer composite encapsulations were simulated (case 2a 

and 2b in Table 2.1). Both layers have fillers that increase the thermal conductivity. The 
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inner layer is electrically conductive, while the outer layer is electrically insulating. 

Thermal performance of such encapsulations was similar to that of the metallized 

encapsulations (Figure 2.10 vs. Figure 2.9). With our hBN/TPU composite in the outer 

layer and the Celanese composite (the commercial material with the highest thermal 

conductivity reported) in the inner layer, the limit Tmax = 43 °C is reached for a power in 

the range 0.55 – 0.60 W. 

  

                                  (a)                                                                        (b) 

Figure 2.10: Heat transfer simulation of the TEE scan head (half model) with power 0.5 W. 

(a) Case 2a (0.5/0.5 mm thickness combination). (b) Case 2b (0.9/0.1 mm thickness 

combination).  
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Chapter 3. Thermally conductive polymer 

composites  

This chapter is adapted from the published Article 3 [15] and Article 5 [18]. 

3.1 Experimental study of thermally conductive hBN/polymer 

composites 

3.1.1 Materials and processing methods  

The miniaturisation and higher processing capacity of electronics components often 

result in excessive thermal loading [9], [50]. Thermal management is therefore critical 

to the performance and reliability of electronic devices. In addition to effective heat 

dissipation, electrical insulation is necessary for many applications, including mobile 

devices and medical devices [4], [9]. Hence, polymer-based composite materials that are 

thermally conducting but electrically insulating are frequently employed in electronic 

packaging [9]. 

Materials for thermally conductive hBN/polymer composites: 

Polymer-based materials allow for mass production using well-established 

techniques like injection moulding, transfer moulding, etc. [8], [9]. The polymer matrix 

in a composite can be a thermoset (e.g. epoxy, silicone) or a thermoplastic, including 

elastomers of either type. The thermal conductivity of most polymers is low, often 

ranging from 0.1 to 0.5 W/m∙K [8]. Incorporating thermally conductive but electrically 

insulating inorganic fillers into the polymer matrix is an efficient method for improving 

the thermal conductivity while retaining its electrical insulation [8], [51]. Common fillers 

are crystalline ceramic materials, either metal oxides (e.g., alumina (Al2O3), quartz 

(crystalline SiO2)), or non-oxides (e.g., aluminium nitride (AlN), boron nitride (BN), silicon 

nitride (Si3N4), silicon carbide (SiC)) [8]. Thanks to the high intrinsic thermal conductivity 

and good electrical insulating properties, hexagonal boron nitride (hBN) has got 

attention. The filler hBN has been used for improving the thermal conductivity of 

polymer-based composites, see examples in Table 3.1. 
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Table 3.1: Some studies of hBN/polymer composites (wt% = weight percentage, vol% = 

volume percentage) 

Materials Filler Loading Processing Method Thermal Conductivity 

hBN/epoxy [46] 95 wt% 
Compression 
moulding 

21.3 W/m·K (in-plane) 
7 W/m·K (through-plane) 

hBN/PU [52] 
 

80 vol% Freeze drying & hot 
pressing 

39 W/m·K (in-plane) 
11.5 W/m·K (through-
plane) 

hBN/polyimide [53] 60 vol% Spin-cast (film) 
17.5 W/m·K (in-plane) 
5.4 W/m·K (through-
plane) 

hBN/epoxy [54] 57 vol% Casting  
5.27 W/m·K (through-
plane) 

hBN/PE [55] 50 vol% Injection moulding 
3.66 W/m·K (through-
plane) 

hBN/PEEK [40] 60 wt% Injection moulding 12.45 W/m·K (in-plane) 
2.34 W/m·K (through-
plane) 

hBN/epoxy [56] 60 wt% Casting 1.052 W/mK (through-
plane, 421 % higher than 
pure epoxy) 

hBN/TPU [57] 50 wt% Solution mixing & 
hot pressing 

3.06 W/mK (through-
plane) 

hBN/PA12 [58] 40 wt% Powder bed fusion 
0.55 W/m·K  
(through-plane, 77% 
higher than pure PA12) 

hBN/Al2O3/PA12 [59] 
15 wt% hBN and 
35 wt% Al2O3 

Powder bed fusion 
1.05 W/m·K  
(through-plane, 275% 
higher than pure PA12) 

hBN/AlN/TPU [60] 
15 wt% hBN and 
20 wt% AlN 

Powder bed fusion 
0.9 W/m·K  
(through-plane, 391% 
higher than pure TPU) 

hBN/TPU [61] 30 wt% 
Fused deposition 
modelling (material 
extrusion) 

1.51 W/m·K (in-plane) 
1.26 W/m·K (through-
plane) 

hBN/TPU [this study] 65 wt% Injection moulding 2.1 W/mK (through-
plane, 990 % higher than 
pure TPU) 

hBN/epoxy [this 
study] 

55 wt% Casting 2.02 W/mK (through-
plane, 1315 % higher than 
pure epoxy) 

hBN/TPU [this study] 40 wt% Powder bed fusion 0.56 W/mK (through-
plane, 460 % higher than 
pure TPU) 
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Hexagonal BN consists of B and N atoms arranged in a honeycomb configuration 

with a layer structure similar to graphite. The covalent bonds between B and N atoms 

within the layers are strong, while the bonds between layers are weak van der Waals 

forces [62], [63]. The platelet-shaped particle of hBN results from its crystal structure. 

The platelets have high in-plane thermal conductivity of about 300–600 W/m∙K, 

whereas the through-plane thermal conductivity is in the range 2–30 W/m∙K [53], [62]–

[64]. Furthermore, hBN is electrically insulating and has a wide band gap (about 5.97 

eV). It also has high thermal stability and good mechanical properties [62], [63], [65]. 

Because of the strong B–N bonds, hBN is chemically stable, e.g., towards oxidation. 

However, this makes the functionalisation of hBN challenging [63]. hBN also has good 

biocompatibility [63], [66], [67], which is essential in medical applications. 

The thermal conductivity of the composites containing hBN is affected by the 

orientation of the hBN platelets in the polymer matrix, because of the shape and 

anisotropic thermal conductivity of the filler hBN [8], [62]. The hBN platelets can be 

oriented via processing or by using electric or magnetic fields [8], [46], [62], [68], [69]. 

Different processing methods for polymer-based composites have different effects on 

the distribution and orientation of the platelets, as well as dispersing agglomerates and 

stacks of single platelets.  

Processing methods for thermally conductive hBN/polymer composites: 

Processing methods of thermally conductive polymer composites include melt 

compounding (e.g., followed by injection moulding) and mixing with a resin followed by 

casting and polymerisation (curing) [8], [9], [62]. Injection moulding (IM) is one of the 

most common manufacturing processes for the mass production of polymer or polymer 

composite parts [9], [70]. The hBN platelets are reported to be preferentially oriented 

with the platelet normal in the through-plane (thickness) direction of injection moulded 

parts, because of the shear stress in the IM process [8], [62].  

In a casting process, composites are produced by mixing fillers into a resin (e.g. 

epoxy, silicone), followed by pouring or injecting the mixture into a mould for curing. 
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The casting of hBN/polymer composites may lead to almost randomly oriented platelets 

[54], [62], [63]. 

Powder bed fusion (PBF) is one of the most common 3D printing (additive 

manufacturing) processes for polymer materials. The feedstock is powder, and thermal 

energy (e.g., from a laser) selectively fuses regions of a powder bed, layer-by-layer, to 

fabricate 3D objects [27]. Compared to moulding processes, PBF and other 3D printing 

techniques have the principal advantages of the fast prototyping and production of 

personalised parts with complex geometry. Few polymer types are commercially 

available for PBF. Polyamide 12 (PA12) and thermoplastic polyurethane (TPU) are 

among the most common polymers. Polyamide-based composites are also used in PBF, 

with glass-based fillers (e.g., glass fibres, glass beads) or carbon-based fillers (e.g., 

carbon black, carbon fibres, carbon nanotubes, graphite) [27], [71], [72]. There is a 

growing interest in developing new materials and composites for PBF, as well as the 

optimisation of PBF processing parameters. 

There are several articles about PBF of polymer composites with thermally and 

electrically conductive fillers (e.g., carbon-based fillers such as carbon fibres [73], 

graphite [74], CNT [75] and graphene [76], or metal fillers such as Cu [77], and Ag [78]). 

On the contrary, the literature on PBF with thermally conductive and electrically 

insulating polymer-based composites is sparse, and most studies use PA12 as the 

polymer matrix. Yang et al. [58] studied PBF of hBN/PA12 composites, for which co-

powders were prepared by combining solid-state shear milling and cryogenic 

pulverisation. Yuan et al. [59] investigated the effect of incorporating Al2O3 and hBN on 

thermal and mechanical properties of PA12 composites processed by PBF. Hon et al. 

[79] examined the effects of processing parameters on the mechanical properties of the 

PBF composites containing PA12 and SiC. Zhang et al. [60] combined AlN and hBN for 

enhancing the thermal conductivity of TPU composites processed by PBF. 

The thermally conductive hBN/polymer composites were aimed to apply for the 

encapsulation of the TEE scan head. Encapsulation materials used in the human body 

must meet several safety requirements, such as good heat transfer, electrical insulation, 
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mechanical integrity, biocompatibility, and in some cases, a ‘soft touch’ [3], [4]. A high 

loading of inorganic fillers (e.g., hBN) is generally required to achieve a significant 

increase in thermal conductivity of polymer-based composites. However, this normally 

increases the material hardness and reduces ductility [8], [62]. A soft polymer can be 

used as the matrix material to compensate for this.  

Thermoplastic polyurethane elastomers (TPU) are soft materials based on a block 

copolymer containing hard and soft segments. In the TPU, the hard segments act as 

physical crosslinks for the soft segments. TPU has high elasticity over a wide 

temperature range and high wear resistance [27], [72], [80]. It is frequently used for PBF 

and IM, and its appropriateness for biomedical applications has been recently 

emphasized [71]. Therefore, the TPU “Ultrasint TPU 88A” (in the form of powder for 

PBF) was chosen as the matrix for composites processed by PBF and IM in this study. 

Results of the study on thermally conductive hBN/polymer composites are 

summarised in Article 5 in Chapter 4. The study on thermally conductive hBN/polymer 

composites focused on: (1) orientation of hBN in composites processed by different 

methods (IM, casting, PBF); (2) thermal conductivity of composites with different filler 

loadings and filler types; (3) comparison of the obtained hBN/polymer composites with 

published values; (4) fitting of experimental data to several thermal conductivity models, 

as well as (5) hardness and tensile properties of hBN/polymer composites.  

3.1.2 Preparation of hBN/polymer composite samples 

3.1.2.1 Materials 

The materials used in this study are summarised in Table 3.2. The polymer matrix 

was thermoplastic polyurethane (TPU) for injection moulding and powder bed fusion 

(3D printing) and epoxy for casting. Three hBN powder types (BN1, BN2, BN3) with 

different platelet sizes and degrees of agglomeration were used. BN1 (with average size 

of 1 µm) and BN2 (with average size of 12 µm) mainly contained hBN platelets, while 

BN3 (with average size of 20 µm) contained both platelets and agglomerates of platelets. 
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Table 3.2: Materials used for preparation of hBN/polymer composites. 

Name Materials Product name, Supplier 

hBN particles 

BN1 hBN powder with average particle size of ~ 1 
µm   

Boron nitride powder, 1 µm, 
98% (product no. 255475), 

Sigma Aldrich, Merck 

BN2a hBN powder. Single platelets with median 
particle size (D50) of 12 µm and size distribution 
in the range (0.8–40) µm, specific surface area 
(BET) ~ 6 m2/g  

HeBoFill LL-SP 120,  

Henze Boron Nitride Products 
AG, Germany 

BN3a hBN powder. Platelet agglomerates with D50 of 
20 µm and size distribution in the range (0.5–
31) µm, BET ~ 4 m2/g  

HeBoFill CL-ADH 020,  

Henze Boron Nitride Products 
AG, Germany 

Polymer matrix 

TPU Ultrasint TPU 88A (in the form of powder) BASF, Germany  

Epoxyb An epoxy system (for casting) containing: 

- 35 wt% unmodified bisphenol-F epoxy resin 
(Araldite GY 285-1)  

- 35 wt% reactive diluent (Araldite DY 026) 

- 30 wt% amine-based curing agent (Jeffamine 
D-230 Polyetheramine) 

Huntsman 

a Information about BN2 and BN3 as provided by the supplier [81], [82]. Size distributions of BN2 

(single platelets) and BN3 (partly agglomerated) can be found in Figure S1 in Article 5 [18]. The 

BN3 powder had a partly agglomerated particle structure, claimed to provide good lubricating 

properties and low viscosity increase [82]. Platelets and spherical agglomerates of BN3 are 

shown in Figure 3.1 (showing a cast specimen with 55 wt% BN3). 

 b The epoxy system was formulated to have a low viscosity, suitable for preparing composites 

with high filler content. 
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Figure 3.1: SEM micrographs of ion milled cross-sections of a cast specimen with 55 wt% 

BN3 (C_55BN3). The white arrows show the direction of the disc normal. An agglomerate of 

hBN platelets is inside the red circle. 

3.1.2.2 Fabrication of hBN/polymer composites 

The hBN/polymer composites were fabricated by injection moulding (IM), powder 

bed fusion (PBF) and casting, as examples in Figure 3.2. Details about the equipment and 

processing parameters used for IM, PBF or casting of the hBN/polymer composites can 

be found in Article 5 [18]. 

  
(a) (b) 

  
(c) (d) 

Figure 3.2: (a) Injection moulded specimens containing 65 wt% BN3 (IM_65BN3); (b) cast 

specimens in Teflon moulds; (c) PBF 3D printer; and (d) PBF specimens. 
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3.1.3 Characterization of hBN/polymer composites 

The hBN/polymer composite specimens were characterised by measuring thermal 

conductivity, tensile properties, hardness, SEM and DSC. These characterization methods 

for the hBN/polymer composites are presented in detail in Article 5 [18]. 

The orientation of hBN platelets in the composite specimens was characterised by 

X-ray diffraction (XRD). The degree of orientation of hBN platelets in the polymer matrix 

is described by <cos2Ɵ>, where <cos2Ɵ> denotes the average of all platelets, and Ɵ is 

the angle between a platelet surface normal and the specimen surface normal (i.e., the 

vector along the thickness direction of the specimen). Hence, perfect out-of-plane, in-

plane and random orientation of hBN platelets in the specimen corresponds to <cos2Ɵ> 

= 0, 1 and 1/3, respectively, as shown in Figure 3.3. The XRD measurements were 

conducted for the injection moulded hBN/TPU disc specimens in their original thickness 

(2 mm) and their half-thickness (1 mm), to evaluate the orientation of hBN platelets in 

the ‘skin’ and core regions of the injection moulded specimens.   

 

Figure 3.3 : Orientation of hBN platelets; through-plane, random and in-plane. 

Results of hardness test for IM, cast and PBF composites, and tensile properties of IM 

and cast composites are presented in detail in Section 4.5 in Article 5 [18]. The SEM and 

DSC results can be found in Section S8 in the Supplementary Materials of Article 5 [18].  
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3.2 Filler orientation in polymer composites 

Due to the shape and anisotropic thermal conductivity of hBN, thermal conductivity 

of hBN/polymer composites is affected by the filler orientation in the polymer matrix, 

induced by the processing methods. Hence, the orientation of hBN platelets in the 

specimens was characterized by XRD measurements and compared with numerical 

simulations.  

The XRD measurement results show that injection moulding induces a preferred 

orientation of the platelets, with the platelet normal along the thickness direction of the 

moulded part. A <cos2Ɵ> value close to 1 means that hBN platelets are highly in-plane 

oriented, which is referred to as in-plane orientation. Casting results in a low preferred 

orientation, and powder bed fusion results in an almost random orientation. The 

experimental results also show that the in-plane orientation of hBN platelets near the 

surface of a moulded disc (IM_BN3) increases with increasing hBN loading, while the 

opposite trend is observed in the center region of the disc (IM_BN3_center), as shown 

in Figure 11 in Article 5 [18]. Furthermore, the center region of the moulded part 

(IM_BN3_center) has lower in-plane orientation than the region near the surface 

(IM_BN3).  

Numerical simulations of the injection moulding process (in Moldex3D) were 

performed to illustrate how the platelets achieve their preferred orientation through 

the thickness of the injection moulded discs. The simulation results agreed with the 

<cos2Ɵ> values from the XRD measurements. In the simulations, the platelets showed 

in-plane alignment (with high <cos2Ɵ>) in the ‘shell’ near the surface of the injection 

moulded disc, and less preferred alignment (with lower <cos2Ɵ>) in the core of the disc. 

More details about the simulation of filler orientation in injection moulding (using 

Moldex3D) are presented in Section S7 in the Supplementary Materials of Article 5 [18].   

Filler orientation by injection moulding was also reported by Grundler et al. [83] for 

their polymer composites with graphite flakes. The injection moulding process induced 

a structure of anisotropic layers within the injection moulded (composite) plates. Their 
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injection moulded plates (with 2 mm thickness) had three separate regions with 

different orientations of the graphite flakes within the polymer matrix (PA6). An 

alignment of the graphite flakes transverse to the injection direction was observed in 

the middle region (core) of the plate, while both surface areas of the plate had a 

distribution of the graphite flakes in injection direction. This anisotropic layer structure 

has a significant influence on thermal conductivity of composites in different directions. 

The through-plane thermal conductivity of the middle of the injection moulded 

composite plate (1 mm) was significantly higher than that of the complete plate (in 2 

mm). It was also much higher than the in-plane thermal conductivity of the same region. 

In a study of injection moulded polyamide 6 with Cu platelets, Heinle et al. [84] 

observed similar platelet orientations, and orientation variations through the specimen 

thickness, as in our study. Heinle et al. moulded specimens with different thicknesses 

(2, 3 and 4 mm). The three layers through the thickness of the injection moulded 

specimens represented the two symmetric shell layers (with high in-plane orientation 

of Cu platelets) and the core layer (with lower orientation). The core/shell ratio 

increased with increasing specimen thickness (2, 3 and 4 mm). Due to a thicker core, 4 

mm thick specimens had almost three times higher through-plane conductivity than 2 

mm thick specimens (for 40 vol% platelets). Heinle et al. also measured the conductivity 

in different directions; through-plane, in-plane along the flow direction and in-plane 

transverse to the flow. For 40 vol% platelets, the conductivities were almost the same 

in the two first directions, while it was almost two times higher in the third direction.  

3.3 Thermal conductivity measurements and models  

3.3.1 Thermal conductivity of hBN/polymer composites 

3.3.1.1 Experimental thermal conductivity of hBN/polymer composites 

The experimental study on thermal conductivity of hBN/polymer composites in 

Article 5 [18] reports the effects of filler loading, filler type, processing method and 

temperature on the thermal conductivity of hBN/polymer composites, as well as how 
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the processing parameter changes affect the thermal conductivity of the (hBN/TPU) 

composites produced by PBF.   

Figure 3.4 shows the thermal conductivity of hBN/polymer composites fabricated by 

injection moulding (IM), casting (C) and powder bed fusion (PBF) as a function of hBN 

loading. The highest conductivity (2.1 W/mK) was measured for an injection moulded 

specimen with the highest hBN loading in this study (65 wt% BN3). This conductivity is 

almost 10 times higher than that of the pure TPU (injection moulded reference). For the 

cast composites, a 14-time higher conductivity was obtained with 55 wt% BN3. For a 

given hBN loading, the cast composites had the highest conductivity and the highest 

increase relative to the unfilled material. Among the PBF composites, the specimen with 

40 wt% BN3, processed with the highest laser energy density, had the highest 

conductivity, which was 6 times higher than that of the pure TPU fabricated by PBF.  

 

Figure 3.4. Thermal conductivity (at 30 °C) of composites fabricated by injection moulding 

("IM"), powder bed fusion ("PBF") and casting ("C") as a function of hBN loading. The PBF 

specimen with 40 wt% BN3 was processed with a higher laser energy density than the other 

PBF specimens in this figure. 
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The thermal conductivity increases with increasing hBN loading for all three 

processing methods in this study. The slope of the thermal conductivity vs. filler loading 

appears to increase at around 30 wt% filler (about 18 vol% for IM hBN/TPU), and with a 

further increase at loadings from about 50 wt% (about 34 vol% for IM hBN/TPU). 

According to experimental literature on composites with hBN, the percolation threshold 

for thermal conductivity is about 20–25 vol% for randomly oriented platelets (studies 

with hBN size in the range of 3–8 µm [85], average particle size of 5 µm [69] and no size 

given [86]). For highly through-plane-orientated platelets, the threshold is reported to 

be about 10–15 vol% (studies with average particle sizes of 25 µm [87], 8 µm [88] and 5 

µm [69]). Hence, the thermal percolation threshold depends on the orientation of the 

hBN platelets in the polymer matrix. Above the percolation threshold, the platelets form 

thermally conductive pathways in the polymer matrix.  

Injection moulded composites have lower conductivity than cast composites. This is 

due to the preferred in-plane orientation of the hBN platelets in the former case, as 

demonstrated by the XRD data in Article 5. Yuan et al. [64] also showed that a high in-

plane orientation of the platelets leads to a low conductivity enhancement in the 

through-plane direction. 

Figure 3.4 also shows that for IM composites with 50 wt% hBN, BN2 and BN1 gave 

the highest and lowest thermal conductivity, respectively. The same trend was observed 

for the PBF composites, although the effect was weaker. With the same hBN loading, 

BN2 results in higher conductivity than BN3. Although some agglomerates in BN3 are 

broken up during processing, the lower conductivity with BN3 is probably due to 

platelets being less dispersed. Powders with hBN agglomerates, such as BN3, are 

claimed to have more isotropic properties and easier processing due to a lower viscosity 

from spherical fillers [46]. BN1 gives lower thermal conductivity than the two other 

powders at the same filler loading. This effect is observed for both IM and PBF specimen. 

The smaller platelets in BN1 gives a larger total surface area. This will reduce the 

conductivity of the composite if the matrix-filler interfacial thermal resistance is high 
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[89]. The weak bonding between the polymer matrix and the hBN surface probably lead 

to high interfacial thermal resistance [90].  

The surface of the hBN particles can be modified chemically in order to improve the 

dispersion of hBN particles and achieve a stronger hBN/polymer interface, thereby 

improving the thermal conductivity and the mechanical properties [63], [67], [91]–[93]. 

However, the chemical inertness and oxidation resistance of hBN make the 

functionalisation of hBN challenging (see more details in Section 3.4 about ‘Surface 

treatment of hBN’). 

The effect of temperature on the thermal conductivity of hBN/polymer composites; 

as well as how the processing parameter changes affect the thermal conductivity of the 

PBF composites are reported in detail in Article 5 [18].  

3.3.1.2 Comparison with published thermal conductivity values 

Although the main objective of the study of thermally conductive polymer 

composites is to contribute to the understanding of the effects on thermal conductivity 

of hBN loading, hBN type, hBN platelet orientation and processing methods, it is 

interesting to compare the thermal conductivity of the composites (hBN/TPU and 

hBN/epoxy) with some commercially available polymer composites (Table 3.3) and 

published values for similar composites (Table 3.1 and Figure 3.5). However, such 

comparisons are challenging, due to differences in mixing/processing method, hBN 

loading, hBN particle size and matrix material.  

The highest through-plane thermal conductivity of our hBN/TPU composites is 2.1 

W/mK, obtained by injection moulding of TPU with 65 wt% hBN. This thermal 

conductivity is higher than that of most commercial thermally conductive and 

electrically insulating materials, e.g. from Sabic, Covestro, Celanese and Kraiburg (Table 

3.3). However, the commercial materials seem to have better mechanical properties. 

Comparison with published values for similar composites of other research, as in 

Table 3.1 and Figure 3.5, shows that important factors affecting thermal conductivity of 

hBN/polymer composites include hBN filler type, mixing method and surface treatment 
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of the fillers. The matrix material, in particular its viscosity, should be carefully selected 

to obtain processable composites with higher filler loadings. Furthermore, using two 

filler types (with different sizes and/or shapes) could improve thermal conductivity, 

thanks to synergetic effects (formation of large thermally conductive network by 

building bridges between fillers and increasing the filler packing density, reduction in 

the system viscosity) [8]. 

Table 3.3: Through-plane thermal conductivity of some commercially available polymers, 

that are thermally conductive and electrically insulating and suitable for injection moulding. 

Supplier – Materials 
Through-plane thermal 

conductivity (W/mK) 

Sabic – LNP Konduit Compounds (with PA6, PPS or PC matrix) [94] 0.6 – 1.5 

Covestro - Makrolon TC (with PC matrix) [95]  0.2 – 0.3 

Celanese – Coolpoly D Series (with PP, PA6, PPS, LCP, or TPE 

matrix) [41]  

0.6 – 1.9 

Kraiburg – Thermoplast K (HTC1500/117, with TPE matrix) [96]  1.5 

TCPoly - Ice9 Flex (TPE with two filler types) [97]  2 

Our hBN/TPU composites (65 wt% hBN) 2.1 

 

Figure 3.5: Comparison of the thermal conductivity enhancement (%) for the hBN/polymer 

composites prepared with different hBN loading (wt%) and processing methods [40], [46], [53]–

[56], [58]–[61]. Abbreviations of processing methods in the legend: injection moulding (IM), 

powder bed fusion (PBF), fused deposition modeling (FDM), compression moulding (CM).  
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3.3.2 Theoretical models for thermal conductivity of polymer composites 

The measured thermal conductivities of hBN/polymer composites are compared 

with four theoretical models, particularly, the effective medium approximation (EMA) 

model developed by Nan et al. [98], the models of Ordóñez-Miranda et al. [99], Sun et 

al. [100], and Lewis-Nielsen et al. [84]. These models were included as tools to help in 

understanding the experimental data, especially how the thermal conductivities of the 

composites are affected by the fraction and orientation of the hBN platelets and the 

nature of the interphase between the platelets and the polymer matrix. The reason to 

include four models, but not simply one, is that they are based on different assumptions 

and provide different predictions. Many published articles only use one of these models 

without arguing for their choice of model. Analysing our experimental data using these 

models also provides a deeper understanding of the models and their limitations. 

Furthermore, the Sun model [100] is quite new, and, to the best of our knowledge, we 

are the first to use and evaluate it (apart from the articles cited by Sun et al.). The 

comparisons of the experimental thermal conductivity with these four models showed 

that: 

- At the low hBN loadings, the EMA model of Nan et al. [98] resulted in a fair 

prediction of the conductivity. Underprediction at higher loading is interpreted to 

be because this model does not take into account the formation of platelet-platelet 

contact, resulting in local conducting paths (pre-percolation).  

- The Sun model [100] (based on a finite element analysis) considers the anisotropic 

thermal conductivity of the hBN platelets, in addition to the effects included in the 

EMA model. However, it predicts lower conductivities than the EMA model.  

- For the Lewis-Nielsen model [84], in addition to the conductivities of the two phases 

(like other models), this model has two empirical constants, one representing the 

maximum filler volume fraction and the other for geometry factor representing the 

effective particle shape in the direction of conductivity measurement. However, the 

drawback of this model is that the geometry factor is mainly an empirical fitting 
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parameter; hence, the model might fit to the experimental data by some sets of 

these two constants, but no physical basis.  

- The Ordóñez-Miranda model [99] is limited to a random platelet orientation, but it 

predicts the experimental data for cast specimens better than the EMA model. 

Hence, the Ordóñez-Miranda model should be generalised to account for particle 

orientation.  

Details about these models and their equations used for calculating the thermal 

conductivity of polymer composites are presented in Sections S11 – S14 in The 

Supplementary Materials of Article 5 [18]. 

3.4 Experimental study not presented in the published papers 

In this PhD project, the surface treatment of hBN was studied by experiments. This 

section presents the experimental process, the results and the challenges of the 

chemical functionalization of hBN.  

Surface treatment of hBN:  

The surface of the hBN particles can be modified chemically, in order to improve the 

dispersion of hBN particles, and achieve a stronger hBN/polymer interface, thereby 

improving the mechanical properties and the thermal conductivity [63], [67]. There are 

wet and dry routes, including covalent methods (e.g. oxidation of hBN with a strong acid 

or base at high temperature and/or high pressure), non-covalent methods (e.g. coatings 

of organic compounds on inorganic particles), and solid-state methods (e.g. thermal 

treatment, high-energy radiation, or strong mechanical forces) [63]. However, the 

chemical inertness and oxidation resistance of hBN make the functionalization of hBN 

challenging. 

In our study, chemical functionalization was tried for the BN3 powder. The hBN 

particles were treated with a strong oxidation agent (nitric acid) followed by silanization 

(using the aminosilane coupling agent APTES) [67]. However, the coupling agent could 
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not be attached to the hBN particles, based on analyses using IR spectroscopy (FTIR) and 

energy dispersive X-ray spectroscopy (EDS). More details about the chemical treatment 

of hBN are presented as follows.  

Experimental process of the chemical functionalization of hBN: 

Raw BN powders were dispersed in a HNO3 solution (65 wt%), achieving a final 

content of 1 mg/ml. They were sonicated for 12 hours in an ultrasonic bath (FinnSonic 

M12). The mixture was stabilized overnight, so that the total acid treatment time was 

24 hours.  

The acid treated BN powders were washed by deionized (DI) water until neutralization 

(checking by pH-indicator paper, Sigma Aldrich, Merck) and filtered (using PTFE filter 

paper, Sartorius). Some of them were used for the next chemical treatment steps; some 

were dried in an oven (at 120 °C for 24 hours) and then stored in nitrogen cabinet for 

further characterization.  

The wet acid-treated powders were then sonicated for 12 hours, in a solution of 10 wt% 

of 3-aminopropyl-triethoxysilane (APTES, product no. 741442, Sigma Aldrich, Merck) in 

ethanol (95%), with the final content of 1 mg acid treated BN/1 ml APTES solution. The 

mixture was stabilized overnight, so that the total APTES treatment time was 24 hours. 

The final functionalized products (APTES-modified BN) were washed three times by DI 

water, filtered (using PTFE paper) and totally dried in an oven at 120 °C for 24 hours. The 

dry powders were (grinded) and then stored (in a nitrogen cabinet) for further usage or 

characterization. Some pictures of the experimental process are shown in Figure 3.6.  

For comparison, BN powders were also directly modified with APTES (10 wt% in 

ethanol), without treating with HNO3. This sample is called APTES-modified raw BN.  

The EDS analysis was performed using SEM, for the raw hBN and the chemically 

treated hBN deposited on Cu tape. The hBN powders were also analyzed by FTIR.   
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(a)                                   (b)                                        (c) 

  

(d)                                                         (e) 

Figure 3.6: Some steps in the chemical treatment process of hBN: (a) the mixture of hBN and 

APTES solution after sonication, (b) filtering of the hBN mixture, (c) the chemically treated hBN 

on the PTFE filter paper, (d) the APTES-modified acid-treated hBN powders after drying and 

grinding, (e) the acid-treated hBN powders (B-OH) and the raw hBN powders (BN). 

Experimental results: 

The analyses using EDS and FTIR, as in Table 3.4 and Figure 3.7, showed no significant 

difference between the raw BN, the acid-treated BN, and the APTES-modified BN 

powders. The used acid treatment process (with HNO3) was not effective in introducing 

–OH groups on the surface of BN, through an oxidation process. This resulted in 

unsuccessful attachment of the coupling agent APTES to the acid-treated BN particles. 

In addition, the used method at lab-scale was not suitable for mass production, so that 

the produced amount of the chemically modified hBN was not enough for preparing 

hBN/polymer composites by injection moulding, casting or PBF later.  
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Table 3.4: Atomic composition (from EDS) of the raw BN, acid-treated BN, APTES-modified 

acid-treated BN, APTES-modified raw BN  

Atomic percent (%) B C N O Si 

Raw BN 45.71 1.66 49.74 2.89 0 

Acid-treated BN 46.01 1.68 49.58 2.73 0 

APTES-modified acid-treated BN 45.82 2.04 48.86 3.07 0.21 

APTES-modified raw BN 45.82 1.83 49.19 3.00 0.16 

 

Figure 3.7: FTIR spectra of raw BN, acid-treated BN, APTES-modified acid-treated BN, APTES-

modified raw BN 
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Chapter 4. Summary of the papers 

This PhD thesis is based on five published papers (two journal papers and three 

conference papers). These papers focus on two main research topics: (1) heat transfer 

of the TEE scan head with two-layer encapsulation, presented in three papers (articles 

1, 2, 4); and (2) thermally conductive polymer composites, presented in two papers 

(articles 3, 5). The below order of the papers is arranged following the workflow of the 

Phd project.  

4.1 Heat transfer of the TEE scan head with two-layer 

encapsulation  

4.1.1 Conference paper 1 (Article 1): New encapsulation concepts for 

medical ultrasound probes – A heat transfer simulation study 

This paper presents heat transfer simulations of the TEE scan head. The objective of 

this study is to screen encapsulation designs and materials which can simplify the 

encapsulation of the scan head. The main output to consider for the simulations is the 

maximum surface temperature of the TEE scan head (Tmax), which must be below 43 °C 

to ensure thermal safety for patients.  

In this heat transfer simulation study, thermal performance of several TEE scan head 

encapsulation concepts was compared. The simplification of the TEE scan head assembly 

could be related to: (1) selecting materials and corresponding packaging techniques 

suitable for automated processes (which might be achieved by a single-layer 

encapsulation, see Figure 1.3a), or (2) reducing the number of prefabricated parts to 

reduce the number of process steps (which might be obtained by a two-layer 

encapsulation, see Figure 1.3b). Hence, the two encapsulation concepts are analyzed: 

single-layer encapsulation and two-layer encapsulation. The single-layer encapsulation 

could be made of one multi-functional material (e.g. composites) for one encapsulation 

layer. While the two-layer encapsulation could be based on metallized-polymer, or 
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polymer-coated metal structure. The metallized polymer encapsulation contains a thin 

metal layer deposited on the inner surface of prefabricated polymer parts.  While the 

polymer-coated metal encapsulation contains a thin coating of a polymer covering the 

outer surface of prefabricated metal parts.   

The simulations are based on steady-state thermal conduction, perfect thermal 

contact between domains in the scan head, and a convective heat flux boundary 

condition applied to the outer surface of the scan head in contact with the human 

esophagus. The boundary condition has the heat transfer coefficient hc of 400 W/(m2·K), 

based on the esophageal heat transfer measurements on a pig. More details about this 

simulation model can be found in Figure 2.5 and Section 2.2.1.  

The simulation results show that a single-layer encapsulation, with appropriate 

thermal conductivity and thickness, can provide sufficient heat transfer for the TEE scan 

head. However, the selected material(s) should also comply with other functional 

requirements. The materials need thermal conductivity higher than 20 W/(m·K) for the 

encapsulation thickness of 0.5 mm or 10 W/mK for the 1 mm encapsulation thickness, 

while satisfying EMI shielding, electrical isolation, and biocompatibility.  

On the other hand, the two-layer encapsulation can provide the multi-functional 

performance required for the TEE scan head. For the polymer-coated metal 

encapsulation, any combination of inner metal layer thickness in the range of (0.5 – 0.9) 

mm and outer polymer layer thickness in the range of (10 – 100) µm will satisfy the 

thermal requirement. For the metallized polymer encapsulation, the inner metal layer 

made of e.g. Cu must be thicker than 50 µm when the thickness of a typical polymer 

material is 0.5 mm, to satisfy the thermal requirement (Tmax ≤ 43 °C).  

This heat transfer simulation study is the basis for the following experimental studies 

of new encapsulations for thermal management of the TEE scan head (Articles 2 and 4). 

Candidate’s contribution: original idea, designs, simulations, and writing. 
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4.1.2 Conference paper 2 (Article 2): Thermal management with a new 

encapsulation approach for a medical device 

This paper presents an experimental study on thermal performance of the 

metallized polymer encapsulation for the TEE scan head. This two-layer encapsulation 

is a potential encapsulation approach for simplifying the device assembly. The 

metallized polymer encapsulation was fabricated by 3D printing (material jetting or 

PolyJet technology) with a biocompatible polymer, followed by Cu electroplating. The 

surface temperature of a simplified model of the TEE scan head, with this two-layer 

encapsulation, was measured in a tissue mimicking thermal phantom, stabilized at 

around 37 °C (human body temperature). The encapsulations based on a 0.9 mm thick 

polymer part, electroplated with a 10, 80 or 150 µm thick Cu layer were tested at 

different power levels (0.5, 1.0, 1.5, 2 W). The effect of the power supplied to the model 

was also considered.  

The experimental results show that the metallized polymer encapsulation can 

provide adequate thermal dissipation for the device (i.e. maximum surface temperature 

of the device below the thermal safety limit of 43 °C), when the Cu layer thickness of the 

encapsulation is at least 80 µm, for the heat source power not higher than 0.5 W. In 

addition, for a given Cu thickness, the maximum surface temperature of the device is a 

linear function of the supplied power. 

Candidate’s contribution: original idea, protocol design, design of experimental setup, 

all experimental work, and writing paper.   
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4.1.3 Journal paper 1 (Article 4): Thermal management of an interventional 

medical device with double layer encapsulation 

In this paper, the heat transfer of a simplified TEE scan head with a metallized 

polymer encapsulation was studied by experimental work and numerical simulations. 

The test samples consisted of a heat source, a heat sink and a metallized polymer 

encapsulation made of a 3D printed biocompatible polymer part with a Cu layer 

electroplated on the inside. The focus of the study was to investigate encapsulation 

parameters, with regards to the thermal safety requirement that the maximum surface 

temperature of the scan head (in contact with human tissue) must be below 43 °C. 

Samples with encapsulations having a 0.9 mm thick polymer outer layer, and an 

electroplated Cu inner layer (0, 10, 80 or 150 µm thick), were tested with different 

power levels (0.5 - 2.0 W) supplied to the heat source in the sample. The heat source 

was connected to some sections of the encapsulation via an aluminium heat sink (see 

Figure 2.5). The surface temperature of the test sample was measured in a tissue 

mimicking thermal phantom, which was stabilized at around 37 °C (human body 

temperature) in a climate chamber.  

To the best of our knowledge, this study is the first to investigate the role of a 

metallized polymer encapsulation for the thermal management of a TEE scan head. In 

addition, the thermal simulation study gives insight on the heat transfer of the device 

and provides a basis for establishing design rules and selecting material alternatives for 

the outer layer of the metallized encapsulation, to further improve the thermal 

performance of such devices.  

Experimental results showed that the maximum steady-state surface temperature 

could be reduced significantly by a 10 µm thick Cu layer, compared to no Cu layer. 

Increasing the Cu layer thickness further had a rather small effect, at least for low power 

levels. The maximum steady-state surface temperature was an exponential function of 

the Cu layer thickness. In addition, this steady-state temperature increased linearly with 

increasing power supplied to the sample. Test samples with a Cu electroplated polymer 
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encapsulation and a heat source power of 0.5 W satisfied the maximum temperature 

requirement (< 43 °C) when the Cu layer was not thinner than about 80 µm.  

A finite element model of the TEE scan head with the two-layer encapsulation, for 

steady-state thermal simulations, was calibrated with the temperature measurements. 

To obtain a good prediction of all experiments, with and without a Cu inner layer, two 

thermal contact conductance coefficients were needed for the boundary conditions of 

the scan head exterior surface (towards the thermal phantom); one coefficient for the 

un-encapsulated heat source (250 Wm-2K-1) and one for the polymer encapsulation (46 

Wm-2K-1). With this calibration, simulated steady-state temperatures were in good 

agreement with the experiments for all Cu layer thicknesses and power levels. The 

verified simulation model was used to suggest material properties for the outer layer 

that can allow for higher power levels. The preferred outer material is a biocompatible 

and electrically insulating material with high thermal conductivity, e.g. a biocompatible 

ceramic or a thermally conductive and electrically insulating polymer composite. 

The simulation model verified by temperature measurement data in this paper 

enables quick computations and trustable evaluation of the thermal management of TEE 

scan head with two-layer encapsulation. This verified heat transfer model (in Comsol) is 

then employed for studying the applicability of different polymer composites for the TEE 

scan head encapsulation (in Article 3). 

Candidate’s contribution: original idea, protocol design, design of experimental setup, 

all experimental work, simulations, writing and editing paper.  
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4.2 Thermally conductive polymer composites 

4.2.1 Journal paper 2 (Article 5): Thermal conductivity and mechanical 

properties of polymer composites with hexagonal boron nitride – A 

comparison of three processing methods: injection moulding, 

powder bed fusion and casting 

This study was motivated by the previous research on the thermal management of 

the TEEE scan head with the metallized polymer encapsulation (Article 4). The verified 

heat transfer simulation model of the TEE scan head with this two-layer encapsulation 

suggested the outer layer’s material of the encapsulation have high thermal conductivity 

and electrical insulation (e.g. ceramics, polymer composites), so that the device could 

operate safely at higher power levels. Polymer composites with hexagonal boron nitride 

(hBN) may fulfil such requirements.  

The focus of this study is to compare hBN/polymer composites, fabricated by 

injection moulding (IM), powder bed fusion (PBF) and casting. A thermoplastic 

polyurethane (TPU) was selected as the matrix for IM and PBF, and an epoxy was the 

matrix for casting. To the best of our knowledge, this is the first study that has processed 

TPU with hBN using PBF, with only a mixture of the two powders. The specimens were 

characterised by measuring thermal conductivity, tensile properties, and hardness. The 

orientation of hBN platelets in the specimens was characterised by X-ray diffraction 

(XRD) and compared with numerical simulations (in Moldex3D). The measured thermal 

conductivities were also interpreted using platelet orientation measurements (XRD), 

and by comparing with four models from the literature: the effective medium 

approximation (EMA) model of Nan et al., the Ordóñez-Miranda model, the Sun model, 

and the Lewis-Nielsen model.  

This study has provided new insights on the effects of the fabrication method and 

hBN loading on the thermal conductivity and mechanical properties of hBN/polymer 

composites. With the process equipment used, the maximum practical hBN loading was 
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65 wt% for injection moulding with TPU as matrix, 55 wt% for casting with epoxy and 40 

wt% for powder bed fusion with TPU. The thermal conductivity of the composites 

increased with increasing hBN loading. The highest thermal conductivity in this study 

(2.1 W/mK) was measured for an IM specimen with 65 wt% hBN. However, for a given 

hBN loading, casting resulted in a higher thermal conductivity than the other two 

methods. This was partly due to the platelet orientation in cast specimens (being more 

favourable than the orientation induced by injection moulding) and partly due to the 

matrix material (the epoxy probably resulting in a relatively lower interfacial thermal 

resistance, and less porosity). 

Injection moulding induced a preferred orientation of the platelets, with the 

platelet normal along the thickness direction of the specimens. The orientation also 

varied through the thickness of the moulded specimens, and it increased with increasing 

hBN fraction. The platelet orientation in injection moulded specimens agreed 

qualitatively with numerical simulations. The simulations of the injection moulding 

process (in Moldex3D) illustrated how the platelets achieve their preferred orientation 

through the thickness of the injection moulded discs. The simulation results were in 

good agreement with the <cos2θ> values from the XRD measurements. The platelets 

have in-plane alignment (with high <cos2θ>) in the ‘shell’ near the surface of the 

injection moulded disc, and less preferred alignment (with lower <cos2θ>) in the core of 

the disc. The same filler orientation by injection moulding was also reported by Grundler 

et al. [83] for the polymer composites with graphite flakes, and by Heinle etl al. [84] for 

the polymer composites with Cu platelets. 

The thermal conductivity data were discussed by a comprehensive comparison with 

four models for the thermal conductivity of composites. These models were included as 

tools to help in understanding the experimental data, especially how the thermal 

conductivities of the composites are affected by the loading and orientation of the hBN 

platelets and the nature of the interphase between the platelets and the polymer 

matrix. These models are based on different assumptions and provide different 

predictions about thermal conductivities vs. filler loading. Analysing our experimental 
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data using these models provides a deeper understanding of the models and their 

limitations. Furthermore, the Sun model is quite new, and, to the best of our knowledge, 

we are the first to use and evaluate it (apart from the cited articles by Sun et al.). 

At low hBN loadings, the EMA model resulted in a fair prediction of the conductivity. 

Underprediction at higher loading is interpreted to be because this model does not 

consider the formation of platelet-platelet contact, resulting in local conducting paths 

(pre-percolation). The Sun model (based on a finite element analysis) considers the 

anisotropic thermal conductivity of the hBN platelets, in addition to the effects included 

in the EMA model. However, it generally predicts lower conductivities than the EMA 

model. For the Lewis-Nielsen model, in addition to the conductivities of the two phases 

(like other models), this model has two empirical constants, one representing the 

maximum filler volume fraction and the other for geometry factor representing the 

effective particle shape in the direction of conductivity measurement. However, the 

drawback of this model is that the geometry factor is mainly an empirical fitting 

parameter; hence, the model might fit to the experimental data by some sets of these 

two constants, but no physical basis. The Ordóñez-Miranda model is limited to a random 

platelet orientation, but it predicts the experimental data for cast specimens better than 

the EMA model. Hence, the Ordóñez-Miranda model should be generalised to account 

for particle orientation.  

For mechanical properties of the hBN/polymer composites, adding hBN increased 

the hardness and tensile modulus of the materials and the tensile strength at high hBN 

loadings. The tensile strength of the IM specimens had a minimum as a function of filler 

loading, while the strain at break decreased with a sharp reduction between 15 and 35 

wt% hBN. These trends can be explained by two mechanisms which occur when adding 

hBN: reinforcement and embrittlement. Powder bed fusion resulted in even more brittle 

composites, and some type of hBN-polymer compatibilization is probably needed to 

achieve adequate mechanical properties, in addition to the PBF process enhancements. 

For a specific application, selecting the hBN loading in the polymer composites should 

be a compromise, because increasing the filler loading increases the thermal 
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conductivity, but also reduces the ductility of the material, and has a negative effect on 

the processability via higher viscosity. 

Candidate’s contribution: original idea, design of experimental setup, all experimental 

work, simulations, data analysis, writing and editing paper.  

4.2.2 Conference paper 3 (Article 3): Thermally conductive polymer 

composites with hexagonal boron nitride for medical device thermal 

management 

This study is a continuation of the previous research on the encapsulation of the TEE 

scan head (Articles 1, 2, 4) and thermally conductive polymer composites (Article 5). This 

paper adds results for: (1) Polymer composites with different hBN powder types, (2) 

Comparison with published thermal conductivity values, (3) Thermal simulations of the 

TEE scan head with various polymer composites, and with anisotropic thermal 

conductivity. 

In this study, hBN/polymer composites were fabricated with thermoplastic 

polyurethane (TPU) or epoxy as matrix materials, by injection moulding, powder bed 

fusion or casting. The specimens were experimentally characterized by thermal 

conductivity measurement. Three hBN powder types (BN1, BN2, BN3) with different 

platelet sizes and degrees of agglomeration were used. BN1 (with average size of 1 µm) 

and BN2 (with average size of 12 µm) mainly contained hBN platelets, while BN3 (with 

average size of 20 µm) contained both platelets and agglomerates of platelets. Thermal 

simulations (in Comsol) were performed for the TEE scan head with a limit for the 

maximum surface temperature (43 °C). For the encapsulation of this device, several 

material combinations were simulated, using anisotropic thermal conductivity data. This 

included encapsulations with inner layers of commercial, thermally and electrically 

conductive materials and an outer layer of the best thermally conductive (and 

electrically insulating) hBN/TPU composite fabricated in the experimental work.  
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The results have provided new insights on the effect of hBN powder type on the 

thermal conductivity of hBN/polymer composites. With the three powder types used in 

this study, both the average particle size and the degree of agglomeration affect the 

conductivity. The conductivity of the composite is lowest for the smallest platelets 

(BN1). This is probably due to these giving the largest platelet-polymer interface area in 

combination with high interfacial thermal resistance. Powders with some platelet 

agglomerates (BN3) facilitate processing but give lower conductivity than powders with 

only "free" platelets (BN2). The latter result in better dispersed platelets, which are 

more effective in transferring heat. 

The highest through-plane thermal conductivity of the hBN/polymer composites 

obtained in this study was 2.1 W/mK for the injection moulded hBN/TPU composite 

containing 65 wt% BN3. The thermal conductivity of our composites (hBN/TPU and 

hBN/epoxy) were also compared with some commercially available polymer composites 

and published values for similar composites. Such comparisons are challenging, due to 

differences in mixing/processing method, hBN loading, hBN particle size and matrix 

material. In general, the highest through-plane thermal conductivity of our hBN/TPU 

composites is higher than that of most commercial, thermally conductive, and 

electrically insulating materials. However, the commercial materials seem to have better 

mechanical properties. 

The applicability of hBN/polymer composites in a two-layer encapsulation of the TEE 

scan head was evaluated by steady-state thermal simulations. The simulation constraint 

is to keep the maximum surface temperature of the scan head below 43 °C to ensure 

the patients’ safety. The hBN/polymer composite can be used safely in a metallized 

encapsulation (with 0.15 mm of Cu and 0.9 mm of hBN/TPU), or in a 1.0 mm thick 

encapsulation consisting of two layers (an outer layer of hBN/TPU and an inner layer of 

a thermally and electrically conductive polymer composite, with 0.5 mm outer/0.5 mm 

inner or 0.1 mm outer/ 0.9 mm inner thickness combination). Such encapsulations 

provide the TEE scan head with adequate heat transfer for power levels up to 0.6 W.  
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Finally, thermal simulations were also performed with a range of different in-plane 

and through-plane thermal conductivities, to compare and evaluate the overall effect of 

anisotropic materials on the surface temperature of the TEE scan head. More detailed 

results are presented in Figure 9 in Article 3 [15]. 

Candidate’s contribution: original idea, design of experimental setup, all experimental 

work, simulations, data analysis, and writing.  
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Chapter 5. Conclusions and outlook 

5.1 Conclusions 

The PhD project aimed at developing packaging concepts (based on materials, 

design, and processing methods) for a more efficient assembly of the scan head of the 

TEE ultrasound probe, while maintaining its multi-functional performance to operate 

safely inside a patient's body, such as adequate heat transfer, EMI shielding, electrical 

isolation and biocompatibility. The complexity of the TEE scan head assembly can be 

reduced by reducing the number of process steps via reducing the number of 

prefabricated parts. This could be achieved by applying two-layer encapsulation (e.g. 

metallized encapsulation, or encapsulation with two polymer composites) for the TEE 

scan head.  

The initial simulation study showed that a two-layer encapsulation based on a 

metallized polymer component is promising, both in terms of simplifying the assembly 

and in terms of accommodating multi-functional requirements. The experiments show 

that a metallized polymer encapsulation can provide adequate thermal dissipation for 

the TEE scan head. The steady-state heat transfer simulations were in good agreement 

with the experiments, for a finite element model using two thermal contact 

conductance coefficients for the boundary condition. The verified model was used to 

suggest alternative materials for the outer layer of the metallized encapsulation, to 

improve the thermal performance of the scan head. The preferred outer material is a 

biocompatible and electrical insulating material with high thermal conductivity, e.g. a 

biocompatible ceramic or a thermally conductive and electrically insulating polymer 

composite.  

Thermally conductive polymer composite was therefore selected as the second main 

research topic for this project. The polymer composites (based on TPU or epoxy) filled 

with the highly thermally conductive and electrically insulating ceramic filler hBN were 

evaluated at material level by experimental and theoretical studies. The hBN/polymer 

composite samples were fabricated by injection moulding, casting, or 3D printing 
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powder bed fusion. The experiments showed that the maximum practical hBN loading 

was 65 wt% for injection moulding with TPU as matrix, 55 wt% for casting with epoxy 

and 40 wt% for powder bed fusion with TPU. The injection moulded composite with 65 

wt% hBN obtained the highest thermal conductivity in this study (2.1 W/mK), which was 

nearly 10 times higher than the thermal conductivity of the pure TPU. For a given hBN 

loading, casting resulted in a higher thermal conductivity than the other two methods. 

The filler orientation in the hBN/polymer specimens fabricated by three methods were 

characterized by XRD. The hBN orientation in injection moulded specimens also agreed 

qualitatively with numerical simulations. The measured thermal conductivities were 

compared with four models (EMA, O-M, Sun, L-N models) to understand how the 

composite thermal conductivities were affected by filler loading and orientation 

(affected by processing methods). Selecting the filler loading in the polymer composites 

should be a compromise between the required properties and the processing 

convenience, since increasing the filler loading increases the thermal conductivity, but 

reduces the ductility of the composites, and has a negative effect on the processability 

due to higher viscosity.  

The steady-state heat transfer simulation study has also demonstrated the 

applicability of hBN/polymer composites in the two-layer encapsulation of the TEE scan 

head. The hBN/polymer composite could be used in a metallized encapsulation (with 

0.15 mm of Cu and 0.9 mm of hBN/TPU), or in a 1.0 mm thick encapsulation consisting 

of two layers (an outer layer of hBN/TPU and an inner layer of a commercial, thermally 

and electrically conductive polymer composite).  

There are limitations of this PhD work. For example, the EMI shielding effectiveness 

should be quantified for both the metallized polymer encapsulation and the 

hBN/polymer composite materials. Other properties (e.g. impact, flammability rating, 

biocompatibility, etc.) should be evaluated, especially for the hBN/polymer composites. 
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5.2 Outlook 

The research results of this PhD project have brought several interesting topics for 

potential future studies. 

Thermal management of TEE scan head with two-layer encapsulation: 

In this thesis, the steady-state heat transfer simulation model (verified by the surface 

temperature measurements) enables quick computations to evaluate the thermal 

performance of the TEE scan head with two-layer encapsulation. Further work should 

extend the model to establish physical description of the heat transfer from the TEE scan 

head to the thermal phantom or to the tissue of the human esophagus. A more 

comprehensive model should include the thermal phantom (or the human tissue) in the 

computational domain, and the simulation should be transient.  

Thermally conductive polymer composites: 

The heat transfer simulations have confirmed the applicability of the hBN/polymer 

composites for the two-layer encapsulation of the TEE scan head at power levels below 

0.6 W. Future work should include fabricating prototypes with the two-layer 

encapsulation containing the hBN/polymer composite, and performing experimental 

measurements (e.g. the temperature measurement in the thermal phantom), in order 

to verify the suitability of using the hBN/polymer composites as the outer layer of the 

metallized encapsulation, or the encapsulation with two polymer composites.  

For the encapsulation with two polymer composites, thermally and electrically 

conductive polymer composite for the inner layer should be carefully selected, so that 

the inner layer can provide not only the heat transfer but also the EMI shielding for the 

device. Some commercial, thermally, and electrically conductive plastics can be 

considered for the inner layer of the two-composite encapsulation. The prefabricated 

parts of such encapsulation could be produced by well-established industrial techniques 

for mass production, e.g. two-component injection moulding. Additionally, the 

appropriate selection of fillers (types, loadings) for the two polymer composites is also 
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important to obtain the trade-off between the properties required for the device (e.g. 

thermal conductivity, electrical isolation, EMI shielding, etc.) and processability of 

materials (affected by material viscosity). 

EMI shielding should also be evaluated by experiments at product level, to confirm the 

suitability of using the metallized encapsulation (with polymer or hBN/polymer 

composite as the outer layer) or the encapsulation containing two polymer composites, 

for protecting the medical device from the electromagnetic interference.  

In addition, future work should consider healthcare safety (e.g. biocompatibility, ease 

of cleaning, etc.) of the TEE scan head with the two-layer encapsulation containing the 

new polymer composite materials.    

For the theoretical study of thermal conductivity of hBN/polymer composites, the 

Ordóñez-Miranda model agreed well with the experimental data for the cast specimens, 

but this model is limited to a random platelet orientation. Hence, it should be 

generalised to account for particle orientation in specimens prepared by other 

processing methods, e.g. injection moulding.  

The results of XRD measurements and simulations of the injection moulding process 

in Chapter 3 have explained how the filler orientation in the hBN/polymer composite 

changes through the thickness of the injection moulded specimens. This results in 

anisotropic thermal conductivity in injection moulded specimens. In future studies, 

more simulations of the injection moulding process could be conducted to obtain the 

local platelet orientation in the two-layer encapsulation. From this, the local anisotropic 

thermal conductivity, in each element of the Comsol model, can be calculated with an 

appropriate thermal conductivity model (e.g. the EMA model or the O-M model). Hence, 

a thermal simulation of the TEE scan head with a two-layer encapsulation can be 

performed, using the local anisotropic thermal conductivities as material input. Such a 

comprehensive simulation study will provide a thorough understanding of the effect of 

processing on the thermal performance of the TEE scan head with the two-layer 

encapsulation containing thermally conductive polymer composites.  
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1. Fabrication of Cu electroplated polymer encapsulation part 

The polymer part was fabricated by polymer 3D printing. The biocompatible polymer material 

MED610 (from Stratasys) was used with the 3D printer Stratasys Objet30 Prime. A metal layer 

with desired thickness was then deposited on the inner surfaces of the polymer parts by means 

of sputtering followed by electroplating.  

To increase the adhesion between the Cu layer and the polymer part, the latter was first 

treated with plasma [1,2]. A very thin layer of Cr (about 15 nm) was then coated on the plasma 

treated polymer surfaces using e-beam evaporation, in the physical vapor deposition (PVD) 

system from AJA International [2,3]. After this, a Cu layer of about 200 nm was sputtered on 

the Cr layer immediately, in the same PVD unit to provide an electrical conductive base for the 

subsequent electroplating [3]. Cu electroplating was carried out in acid copper sulfate solution 

(Sigma-Aldrich) (i.e. an electrolyte with primary constituents of Cu2+ sulfate (CuSO4·5H2O) 

and sulfuric acid), at room temperature. A reverse pulse deposition technique was employed to 

get high quality electroplated Cu and ensure uniform coverage of Cu on the inner surfaces of 

the polymer parts [4,5]. Process parameters for the fabrication of the metallized polymer 

encapsulation parts are summarized in Table S1. 

mailto:Kristin.Imenes@usn.no


Table S1: Process parameters for the fabrication of the metallized polymer encapsulation. 

Process Equipment Process parameters 

Plasma treatment 

 

α Alpha Plasma – AL 18 

Tabletop Unit 

Power: 200 W  

O2 flow: 40 sccm (standard cm3/min) 

Ar flow: 60 sccm 

Time: 3 minutes 

E-beam of Cr  

 

Sputtering system of AJA 

International Inc. 

Current: 8 mA 

Pressure: 4·10-6 Torr 

Current rate: 0.08 A/s 

Sputtering of Cu  

 

Sputtering system of AJA 

International Inc.) 

Power: 50 W  

Ar gas: 10 sccm  

Pressure: 4·10-3 Torr  

Current rate: 0.6 A/s 

Electroplating of Cu 

 

Pulse Reverse Power 

Supply PE86CB of Plating 

Electronic GmbH 

Reverse pulse deposition: 

Pulsed current density (i): 10 mA/cm2 

Pulse length (ton): 400 ms  

The off period (toff): 20 ms 

2. Characterization of Cu electroplated polymer encapsulation part  

Cross-sections of electroplated parts were characterized by optical microscopy (Neophot 32, 

Carl Zeiss). The Cu layer thickness was measured (Table S2) and the electroplating process 

was evaluated. In preliminary electroplating trials, Cu was deposited on 3D printed parts with 

different polymer thicknesses (0.5 mm and 0.9 mm). The 0.5 mm thick part was deformed after 

plating, due to stresses induced by the electroplating [5]. Hence, a polymer part thickness of 0.9 

mm was selected, to ensure that it would withstand the electroplating with regard to dimensional 

tolerances. Table S2 presents the measured average Cu thickness (10, 80, 150 µm) of 

encapsulation parts with polymer thickness 0.9 mm. The variation in thickness can be explained 

by the geometry of the polymer parts and the electroplating layout.  



Table S2: Measured Cu thickness, tCu, of encapsulation parts (E10, E80, E150) with polymer 

thickness 0.9 mm. The average Cu thickness (tCu) is based on three cross-sections along the 

length of one encapsulation part (three red lines in Figure S1), with 15 measurements around 

the cross-sections L1, L2, and 10 measurements around the cross-section L3. 

Part Nominal Cu thickness (µm) tCu (µm) 

E10 10 10 ± 1 

E80 80 80 ±7 

E150 150 149 ± 15 

The thinnest Cu layer in this study was 10 µm. This value was selected in order to provide 

adequate EMI shielding effectiveness (EMI SE) for the TEE scan head. A Cu layer thicker than 

10 µm gives an EMI SE above 100 dB in the frequency range of 30 MHz – 3 GHz [6], which 

is a common frequency range for testing EMI shielding of medical devices [7,8]. These EMI 

SE values are above the requirements for medical devices classified in the same group as the 

TEE scan head (group 1, class B) [7]. The thickest Cu layer in this study, 150 µm, was chosen 

in order to have a reasonable time for the electroplating process [5]. Therefore, three Cu layer 

thicknesses were used in this study (10, 80 and 150 µm), to evaluate the effect of metal thickness 

on the heat transfer. The standard deviation of the measured Cu thicknesses was about 10% (see 

Table S2).  

 

Figure S1: Cu electroplated polymer part; L1, L2, L3 are positions of cross-sections for 

measuring the Cu thickness.  

3. Meshing of the simulation model 



The model in COMSOL was meshed using free tetrahedral elements. The mesh sizes were 

selected so that they adequately described the heat flow in the thinnest layer of the model (e.g. 

10 µm thick Cu layer). Details are presented in Table S3. The mesh in the paper (based on 

settings in Table S3) had 754637 elements. Our initial check using a finer mesh (for all domains, 

leading to 3146082 elements) gave the same result for the maximum surface temperature, 

within 0.1 K. We also used the mesh statistics tool in COMSOL to evaluate the mesh quality. 

With the mesh in this paper, the COMSOL mesh quality parameter has an average value of 

0.634 and a minimum value of 0.154. These values fulfill COMSOL's recommendation for 

good meshes, for which the minimum value should be greater than 0.1. 

Table S3: Mesh sizes for different domains in the simulation model 

Domain Element size parameters 

Cu layer Meshed with "fine mesh" setting with these parameters: 

- Maximum element size: 2.94 mm  

- Minimum element size: 0.009 mm  

- Maximum element growth rate: 1.45  

- Curvature factor: 0.5  

- Resolution of narrow regions: 0.6  

Adhesives  Meshed with "fine mesh" setting with these parameters: 

- Maximum element size: 2.94 mm  

- Minimum element size: 0.045 mm  

- Maximum element growth rate: 1.45  

- Curvature factor: 0.5  

- Resolution of narrow regions: 0.6 

Remaining parts Meshed with "normal mesh" setting with these parameters:  

- Maximum element size: 3.68 mm  

- Minimum element size: 0.5 mm  

- Maximum element growth rate: 1.5  

- Curvature factor: 0.6  

- Resolution of narrow regions: 0.5  

4. Simulation results – Fitting parameters for simulations and experimental data 



The simulated ∆T values (using the two TCC coefficients), as well as the experimental data, 

were well represented by an exponential function:  

∆𝑇 = (𝑎𝑒𝑏𝑡𝐶𝑢 + 𝑐𝑒𝑑𝑡𝐶𝑢)𝑃  

where a, b, c, d are fitting parameters, tCu is the Cu thickness and P is the heat source power. 

The fitting parameters for the simulated ∆T are a = 8.82; b = -0.16; c = 12.75; d = -0.0004. The 

fitting parameters for the experimental ∆T are a = 7.27; b = -0.15; c = 13.41; d = -0.001. These 

fittings are shown in Figure 10 in the manuscript.  

5. Simulation results – Assessing the thermal limits of the scan head design  

Simulations with extreme values for the polymer thermal conductivity can be used to assess the 

thermal limits of the scan head design. Examples of the effect of polymer thermal conductivity 

on the maximum surface temperature increase is shown in Figure S2. 

Figure S2: Simulated effect of the polymer thermal conductivity on the maximum surface 

temperature increase, for a power of 1 W. "S 900/0" is the sample with an encapsulation 

consisting of a 0.9 mm thick polymer layer and no Cu layer; "S 900/80" is the sample with an 



encapsulation consisting of a 0.9 mm thick polymer layer and a 80 µm thick Cu layer. Two 

thermal contact conductance coefficients (250 Wm-2K-1 and 46 Wm-2K-1) were used in the 

simulations (see Section 3.2 in the manuscript regarding the calibration of the simulation model 

for details).  
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Abstract: Materials providing heat dissipation and electrical insulation are required for many elec-
tronic and medical devices. Polymer composites with hexagonal boron nitride (hBN) may fulfil
such requirements. The focus of this study is to compare composites with hBN fabricated by in-
jection moulding (IM), powder bed fusion (PBF) and casting. The specimens were characterised
by measuring thermal conductivity, tensile properties, hardness and hBN particle orientation. A
thermoplastic polyurethane (TPU) was selected as the matrix for IM and PBF, and an epoxy was the
matrix for casting. The maximum filler weight fractions were 65%, 55% and 40% for IM, casting and
PBF, respectively. The highest thermal conductivity (2.1 W/m·K) was measured for an IM specimen
with 65 wt% hBN. However, cast specimens had the highest thermal conductivity for a given hBN
fraction. The orientation of hBN platelets in the specimens was characterised by X-ray diffraction
and compared with numerical simulations. The measured thermal conductivities were discussed by
comparing them with four models from the literature (the effective medium approximation model,
the Ordóñez-Miranda model, the Sun model, and the Lewis-Nielsen model). These models predicted
quite different thermal conductivities vs. filler fraction. Adding hBN increased the hardness and
tensile modulus, and the tensile strength at high hBN fractions. The strength had a minimum as the
function of filler fraction, while the strain at break decreased. These trends can be explained by two
mechanisms which occur when adding hBN: reinforcement and embrittlement.

Keywords: hexagonal boron nitride; thermoplastic polyurethane; injection moulding; powder bed
fusion; casting; thermal conductivity

1. Introduction

The miniaturisation and increased processing capacity of electronics components often
result in high thermal loading [1,2]. Thermal management therefore plays an important
role for the performance and reliability of electronic devices. In addition to efficient heat
dissipation, electrical insulation is required for many applications, such as mobile devices
and medical devices [1,3]. Hence, thermally conducting but electrically insulating polymer-
based composite materials are often used in electronic packaging [1,4].

Polymer-based materials have low density and low cost, and allows for mass pro-
duction with well-established techniques, such as injection moulding and transfer mould-
ing [1,5]. The polymer matrix in a composite can be a thermoset (e.g., epoxy) or a ther-
moplastic, including elastomers of either type. Most polymers have low thermal con-
ductivity, typically in the range 0.1–0.5 W/m·K [5]. Incorporating thermally conductive
but electrically insulating inorganic fillers into the polymer matrix is an effective solution
for improving the thermal conductivity while maintaining its electrical insulation prop-
erties [5,6]. Common fillers are crystalline ceramic materials, either metal oxides (e.g.,
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alumina (Al2O3), quartz (crystalline SiO2)), or non-oxides (e.g., aluminium nitride (AlN),
boron nitride (BN), silicon nitride (Si3N4), silicon carbide (SiC)) [5]. Hexagonal boron
nitride (hBN) has received attention due to its high intrinsic thermal conductivity and good
electrical insulating properties. The filler hBN has been used for enhancing the thermal
conductivity of polymer-based composites, see examples in Table 1.

Table 1. Some studies of hBN/polymer composites. (wt% = weight percentage, vol% = volume
percentage).

Materials Filler Loading Processing Method Thermal Conductivity

hBN/epoxy [7] 95 wt% Compression moulding 21.3 W/m·K (in-plane)
7 W/m·K (through-plane)

hBN/epoxy [8] 57 vol% Casting 5.27 W/m·K (through-plane)

hBN/polyimide [9] 60 vol% Spin-cast (film) 17.5 W/m·K (in-plane)
5.4 W/m·K (through-plane)

hBN/PE [10] 50 vol% Injection moulding 3.66 W/m·K

hBN/PA12 [11] 40 wt% Powder bed fusion 0.55 W/m·K (77% higher than
pure PA12)

hBN/Al2O3/PA12 [12] 15 wt% hBN and 35 wt% Al2O3 Powder bed fusion 1.05 W/m·K (275% higher
than pure PA12)

hBN/AlN/TPU [13] 15 wt% hBN and 20 wt% AlN Powder bed fusion 0.9 W/m·K (391% higher than
pure TPU)

hBN/TPU [14] 30 wt% Fused deposition modelling
(material extrusion)

1.51 W/m·K (in-plane)
1.26 W/m·K (through-plane)

Hexagonal BN consists of B and N atoms arranged in a honeycomb configuration
with a layer structure similar to graphite. Within the layers, there are strong covalent
bonds between B and N atoms, while the bonds between layers are weak van der Waals
forces [15,16]. The crystal structure of hBN results in platelet-shaped particles. The platelets
have high in-plane thermal conductivity of about 300–600 W/m·K, whereas the through-
plane thermal conductivity is in the range 2–30 W/m·K [4,9,15,16]. Furthermore, hBN is
electrically insulating and has a wide band gap (about 5.97 eV). It also has high thermal
stability and good mechanical properties [15–17]. Due to the strong B–N bonds, hBN is
chemically stable, e.g., towards oxidation. However, this makes the functionalisation of
hBN challenging [16]. hBN also has good biocompatibility [16,18,19], which is essential in
medical applications.

Due to the hBN particles’ shape and anisotropic thermal conductivity, the orienta-
tion of the hBN platelets in the polymer matrix affects the thermal conductivity of the
composite [5,15]. Particles can be oriented via processing or by using electric or magnetic
fields [5,7,15,20,21]. Different processing methods for polymer-based composites have dif-
ferent impacts with regard to distributing and orienting the platelets, as well as dispersing
agglomerates and stacks of platelets into single platelets. Hence, in general, the properties
of polymer composites are affected by the choice of processing method [22].

Approaches for preparing thermally conductive polymer composites include melt
compounding (e.g., followed by injection moulding) and mixing with a resin followed
by casting and polymerisation (curing) [1,5,15]. Injection moulding (IM) is one of the
most common manufacturing processes for the mass production of polymer or polymer
composite parts [1,23]. The hBN platelets are reported to be preferentially oriented with
the platelet normal in the through-plane (thickness) direction of injection moulded parts,
owing to the shear stress in the IM process [5,15]. In a casting process, composites are
produced by mixing fillers into a resin such as epoxy, followed by pouring or injecting the
mixture into a mould for curing. The casting of hBN/polymer composites can result in
almost randomly oriented platelets [5,8,15].
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Powder bed fusion (PBF) is one of the most common 3D printing (additive manu-
facturing) processes for polymer materials. The feedstock is powder, and thermal energy
(e.g., from a laser) selectively fuses regions of a powder bed, layer-by-layer, to fabricate
3D objects [24]. Compared to moulding processes, the principal advantages of PBF and
other 3D printing techniques include the fast prototyping and production of personalised
parts with complex geometry. Few polymer types are commercially available for PBF.
Among the most common are polyamide 12 (PA12) and thermoplastic polyurethane (TPU).
Polyamide-based composites are also used in PBF, with glass-based fillers (e.g., glass fibres,
glass beads) or carbon-based fillers (e.g., carbon black, carbon fibres, carbon nanotubes,
graphite) [24–26]. There is a growing interest in developing new materials and composites
for PBF, as well as the optimisation of PBF processing parameters.

There are several articles about PBF of polymer composites with thermally and electri-
cally conductive fillers (e.g., carbon-based fillers such as carbon fibres [27], graphite [28],
CNT [29] and graphene [30], or metal fillers such as Cu [31] and Ag [32]). On the contrary,
the literature on PBF with thermally conductive and electrically insulating polymer-based
composites is sparse, and most studies use PA12 as the polymer matrix. Yang et al. [11]
studied PBF of hBN/PA12 composites, for which co-powders were prepared by combining
solid-state shear milling and cryogenic pulverisation [11]. Yuan et al. [12] investigated the
effect of incorporating Al2O3 and hBN on thermal and mechanical properties of PA12 com-
posites processed by PBF. Hon et al. [33] examined the effects of processing parameters on
the mechanical properties of the PBF composites containing PA12 and SiC. Zhang et al. [13]
combined AlN and hBN for enhancing the thermal conductivity of TPU composites pro-
cessed by PBF.

This research was motivated by our previous study on the encapsulation of interven-
tional medical devices [34]. Encapsulation materials used in the human body must meet
several requirements, such as good heat transfer, electrical insulation, mechanical integrity,
biocompatibility, and in some cases, a ‘soft touch’ [3,34]. To achieve a significant increase in
thermal conductivity in polymer-based composites, a high loading of inorganic fillers (e.g.,
hBN) is generally required. However, this normally results in increased hardness [5,15] and
reduced ductility. To compensate for this, a soft polymer can be used as the matrix material.

Thermoplastic polyurethane elastomers (TPU) are soft materials based on a block
copolymer containing hard and soft segments, and where the former act as physical
crosslinks for the soft segments. TPU offers high elasticity over a broad temperature
range and high wear resistance [24,26,35]. It is commonly used for PBF and IM, and its
suitability for biomedical applications has recently been highlighted [25]. Therefore, the
TPU “Ultrasint TPU 88A” (in the form of powder for PBF) was selected as the matrix for
composites processed by PBF and IM in this study.

This article focuses on comparing the thermal conductivities of hBN/polymer compos-
ites processed by three methods, IM and PBF (with TPU as matrix) and casting (with epoxy
as matrix). To the best of our knowledge, this is the first study that has processed TPU with
hBN using PBF, with only a mixture of the two powders. The measured thermal conduc-
tivities are interpreted using platelet orientation measurements (X-ray diffraction), and by
comparing with models by Nan et al. [36], Ordóñez-Miranda et al. [37], Sun et al. [38], and
Lewis-Nielsen et al. [39]. These models were included as tools to help in understanding
the experimental data, especially how the thermal conductivities of the composites are
affected by the fraction and orientation of the hBN platelets and the nature of the interphase
between the platelets and the polymer matrix. The reason as to why we have included four
models and not simply one is that they are based on different assumptions and provide
different predictions. Hence, a comparison of the models has a value in itself. Analysing
our experimental data using these models provides a deeper understanding of the models
and their limitations.

Thermally conductive composites for demanding applications (e.g., the encapsulation
of a medical device in our case) also need good mechanical properties. Hence, the study
also includes an assessment of the mechanical properties (hardness, tensile modulus, tensile
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strength, and strain at break) of the composites. Typically, the hBN fraction in the composite
must be a compromise, because increasing the fraction increases the thermal conductivity,
but also reduces the ductility of the material, and has a negative effect on the processability
via higher viscosity.

2. Materials and Methods
2.1. Materials

The materials used in this study are summarised in Table 2. The polymer matrix
was thermoplastic polyurethane (TPU) for injection moulding and powder bed fusion (3D
printing) and epoxy for casting.

Table 2. Materials used for preparation of hBN/polymer composites.

Short Name Description Product Name, Supplier

BN3 a hBN powder. Platelet agglomerates with D50 of 20 µm and size
distribution in the range (0.5–31) µm, BET ~4 m2/g

HeBoFill CL-ADH 020,
Henze Boron Nitride Products AG,
Lauben, Germany

TPU Thermoplastic polyurethane (in the form of powder). An elastomer
with Shore A hardness 88.

Ultrasint TPU 88A,
BASF, Ludwigshafen am Rhein, Germany

Epoxy b

An epoxy system (for casting) containing:

- 35 wt% unmodified bisphenol-F epoxy resin (Araldite GY 285-1)
- 35 wt% reactive diluent (Araldite DY 026)
- 30 wt% amine-based curing agent (Jeffamine D-230

Polyetheramine)

Huntsman, The Woodlands, TX, USA

a Information regarding BN3 as provided by the supplier [40]. Size distributions of BN3 are shown in Figure S1 in
the Supplementary Materials. The BN3 powder had a partly agglomerated particle structure, claimed to provide
good lubricating properties and low viscosity increase [40]. Platelets and spherical agglomerates are shown in
Figure S2a in the Supplementary Materials. b The epoxy system was formulated to have a low viscosity, suitable
for preparing composites with high filler content.

2.2. Specimen Preparation

Injection moulded specimens were prepared using a 15 cm3 micro batch compounder
(DSM Midi 2000) followed by injection moulding with a table-top machine (DSM). TPU and
hBN powders were mixed in the compounder for 3 min in nitrogen atmosphere, and then
injection moulded with melt temperature 220 ◦C and mould temperature 40 ◦C. Moulded
specimens for thermal conductivity measurement were 2 mm thick discs with diameters of
25 mm, while specimens for tensile testing were 2 mm thick and 75 mm long (ISO 527-2,
type 1BA), see Figure 1. The maximum practical filler content for this processing route was
about 65 wt%. Details about the injection moulded specimens are presented in Table S2 in
the Supplementary Materials.

Cast epoxy-hBN specimens were prepared by vacuum mixing, followed by casting
into a Teflon mould (Figure 1) and then curing at 150 ◦C for 18 h. The epoxy system contains
35 wt% bisphenol-F epoxy resin, 35 wt% diluent and 30 wt% curing agent. This system
has a low viscosity, which is suitable for high filler concentrations. At the highest filler
content (55 wt%), there was no formation of voids or air bubbles during mixing and casting.
To have clean and planar surfaces, the cast specimens (2 mm thick discs with diameters
of 13 mm) were grinded and polished on both sides. Details about cast specimens are
presented in Table S2 in the Supplementary Materials.

For powder bed fusion (PBF), a tabletop PBF 3D printer (Sharebot SnowWhite) with
a CO2 laser was used to fabricate specimens of a (TPU and hBN) powder mixture. The
density and mechanical properties of PBF parts are related to the laser energy density per
volume, EV, which is defined as:

EV =
P

vdL
(1)
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where P (W) is the laser power; v (m/s) is the laser scanning speed; d (m) is the hatching
distance (the distance between two adjacent laser scan lines); and L (m) is the layer thickness.
EV (J/m3) represents the amount of energy supplied to a volume element of the powder
bed. In order to identify appropriate processing parameters for the hBN/TPU composites,
the starting point was the parameters suggested for the pure TPU by the material supplier.
However, a higher energy was needed with the printer used, and similarly for the pure
TPU. Regarding the chamber temperature, the same settings were used for TPU with and
without hBN, because the hBN did not have a large effect on the melting and crystallisation
temperatures, see the DSC results in Section S8 in the Supplementary Materials. Details
about the printing parameters are provided in Section S2 of the Supplementary Materials.
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Most of the PBF specimens in this study were built “flat” (Figure 1), i.e., with the
largest surfaces parallel to the plane of the powder bed (the XY plane; the powder recoater
moves along the X-axis, and the powder bed moves along the Z-axis). Some specimens
were also built “standing”, i.e., with the surface normal in the XY plane. Before printing, the
powder was dried in a vacuum oven at 50 ◦C for 3 h to remove moisture. The maximum
filler content used in the PBF process was 40 wt%. At higher hBN loading, the printed
parts did not have sufficient cohesion to be used for tensile testing or thermal conductivity
measurements. Details regarding the specimens are presented in Tables S2 and S3 in the
Supplementary Materials.

2.3. Characterisation of hBN/Polymer Composites
2.3.1. Thermal Conductivity Measurement

The thermal conductivity of 2 mm thick specimens was indirectly determined by the
non-contact, transient laser flash analysis (LFA) method [41], using the equation:

k = α·Cp·ρ (2)

where k is the thermal conductivity (W/m·K); α is the thermal diffusivity (mm2/s); Cp is
the specific heat capacity at constant pressure (J/g·K); and ρ is the mass density (g/cm3).

The thermal diffusivity was determined at 30, 50, 80 and 110 ◦C with an LFA instru-
ment (LFA 457 MicroFlash, Netzsch GmbH, Selb, Germany). All specimens, including
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a reference (Pyroceram 9606), were spray coated with a thin layer of graphite (Graphit
33, Kontakt Chemie, Zele, Belgium) on both sides to reduce reflection, maximise heat
absorption and ensure similar surface properties. The thermal diffusivity was determined
by the analysis software of the LFA instrument (Netzsch Proteus Software 6.3) using the
radiation model without pulse correction.

A Pyroceram reference (diameter 13 mm, thickness 2.5 mm) with known Cp [42] was
measured simultaneously, under the same conditions as the composite specimens. Each
measurement of a composite specimen was compared to the reference using the analysis
software to estimate the unknown Cp value of the composite. Average α and average Cp at
each temperature were then used for calculating k at that temperature.

The specimen dimensions were measured at room temperature using a digital calliper.
The thickness and diameter were averaged over five measurements and used for calculating
the volume. Each specimen was weighed using a balance with 0.1 mg resolution to calculate
the mass density ρ. The density of some specimens was also measured gravimetrically
(XS204 with density kit, Mettler Toledo, Greifensee, Switzerland). The difference between
this density and the density calculated from mass and volume was negligible.

LFA measurements were repeated three times for each specimen at each temperature.
Furthermore, for injection moulded specimens, two specimens were measured for each
filler concentration, while for PBF and casting, only one specimen was measured for each
filler concentration. The variance was dominated by the measurement error (which was
about 5–10% at 30 ◦C, and lower at higher temperatures), not the variation from specimen
to specimen.

2.3.2. Tensile Testing

Tensile testing of injection moulded specimens was performed at room temperature,
following the standard ISO 527, with a universal test machine (Zwick Z250, Ulm, Germany),
using a 2.5 kN load cell. The crosshead speed was 0.5 mm/min up to a strain of 0.25%,
and then changed to 25 mm/min (as suggested in ISO 527-1:2012). The tests were run
with a slow crosshead speed initially for the accurate determination of the tensile modulus.
These speeds were chosen in order to obtain nominal strain rates similar to those typically
used in the tensile testing of plastics, with the most common (larger) test specimen 1A of
ISO 527-2. PBF specimens were tested with a smaller machine (Lloyd Instruments LR50K,
Bognor Regis, UK) without an extensometer. Average values for three to five tests are
reported, and standard deviations are included in figures. The stress reported in this paper
is the engineering stress, i.e., force divided by the initial cross section. An example of the
repeatability of the tensile test is shown in Figure S3 in the Supplementary Materials.

2.3.3. Hardness Measurement

The hardness (Shore A and Shore D) of the specimens were measured with a durometer
(Bareiss digi test II, Oberdischingen, Germany) at room temperature, following the standard
ASTM D2240. Three specimens were stacked to have the thickness required for the mea-
surements. At least three measurements were performed for each filler content. Hardness
measurements were not applicable to the PBF specimens due to high surface roughness.

2.3.4. X-ray Diffraction (XRD)

The orientation of the hBN particles was characterised by X-ray diffraction (XRD),
using a Thermo Fisher Equinox 1000 diffractometer (monochromatic Cu Kα radiation;
wavelength 1.5418 Å). The operating condition was 40 kV voltage and 30 mA current.

The angle between the specimen surface and the incoming X-ray beam was kept
constant at 13.3◦ (the tilt angle: chosen as half the 2θ value of one of the peaks used.) Hence,
the length of the X-ray beam path from the front surface to the back surface of a 2 mm thick
specimen is:

(2 mm)/sin(13.3◦) = 8.7 mm
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The linear X-ray absorption coefficients of the TPU/hBN composites are typically in
the range 8–10 cm−1 (increasing with increasing hBN loading). Note that these are only
estimates, as we do not know the element composition of the TPU. If the incoming beam
intensity is set to unity, and we consider the peak with 2θ equal to two times the tilt angle,
the detected diffracted intensity originating from the centre of a 2 mm thick specimen
is simply:

exp(−9·0.87) = 4·10−4

For comparison, the diffracted intensity from depths of 0.1 mm and 0.3 mm would be
about 0.50 and 0.10, respectively, or about 1150 and 240 higher than that from the centre.
Furthermore, depending on the beam diameter and the detector slits, the diffraction from
deep layers may not be detected at all.

In the diffractograms, the peaks at about 26.6◦ and 41.5◦ are the (002) and (100)
reflections of hBN. If we assume perfect hBN platelets, the ratio of these two peaks can be
used to determine the orientation of the platelets, using Equations (3) and (4) [9,43]:

〈cos2θ〉 = 1
1 + 2K

(3)

K = n
I(100)

I(002)
(4)

In these equations I(100) and I(002) are the integrated intensities of the (100) and (002)
peaks, respectively [44], and n is a normalisation coefficient, determined to be 6.25 by
Tanimoto et al. [9]. Note that we have not corrected n for the constant tilt angle of our
experiment. In this paper, the degree of orientation of hBN platelets in the polymer matrix
is described by 〈cos2θ〉, where 〈cos2θ〉 denotes the average of all platelets, and θ is the
angle between a platelet surface normal and the specimen surface normal (i.e., the vector
along the thickness direction of the specimen). Hence, perfect out-of-plane, in-plane and
random orientation of hBN platelets in the specimen corresponds to 〈cos2θ〉 = 0, 1 and
1/3, respectively.

3. Results
3.1. Thermal Conductivity of hBN/TPU and hBN/Epoxy Composites

Figure 2 shows the thermal conductivity of hBN/polymer composites fabricated by
injection moulding (IM), casting (C) and powder bed fusion (PBF) as a function of hBN
content. The highest conductivity (2.14 W/m·K) was measured for an injection moulded
specimen with the highest hBN fraction in this study (65 wt%). This conductivity was
9.7 times higher than that of the pure TPU (injection moulded reference). For the cast
composites, a conductivity, which was 14 times higher than that of the pure epoxy, was
obtained with 55 wt% hBN. For a given hBN content, the cast composites had the highest
conductivity and the highest increase relative to the unfilled material. Among the PBF
composites, the specimen with 40 wt% hBN, processed with the highest laser energy density
(see Table S3 in the Supplementary Materials for more details), had the highest thermal
conductivity, which was 5.8 times higher than that of the pure TPU (fabricated by PBF).

Figure 3 shows the thermal conductivity of PBF composites with 40 wt% hBN as a
function of PBF laser energy density (EV, see Equation (1)). For the main data series in this
figure (PBF_40BN3; red open squares), EV was increased by increasing the laser power or
decreasing the scanning speed. There is a clear increase in conductivity with increasing
laser energy density for this data series. In addition to the main data series, four single
points are also included in the figure, representing other process variations: increasing the
nominal EV by reducing the layer thickness from 0.1 to 0.08 mm resulted in a reduction in
conductivity (specimen PBF_40BN3_d_08). Specimens that were built along the z direction
of the 3D printer (specimen codes ending in “_z”) had higher conductivity than those that
were printed “flat” in the XY plane (all the other data points in the figure). Increasing the
chamber temperature from 88 ◦C to 92 ◦C had no significant effect (PBF_40BN3_b_92).
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Figure 4 shows the thermal conductivity of cast hBN/epoxy composites as a function
of the temperature. For all hBN fractions in the figure (0 to 55 wt%), the thermal conduc-
tivity decreases approximately linearly with increasing temperature. For pure epoxy, the
conductivity drops by about 9% when increasing the temperature from 30 ◦C to 110 ◦C.
For composites with 35–55 wt% hBN, the corresponding drop is about 25% (the differences
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between the three hBN fractions were not statistically significant). Similar temperature
effects were observed for IM and PBF composites.
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3.2. Hardness and Tensile Properties

The hardness values of injection moulded and cast specimens are presented in Figure 5.
In both cases, the hardness increases with increasing hBN content (note that two different
Shore scales are used in the figure).
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The tensile properties of injection moulded specimens are shown in Figures 6–8.
The tensile modulus increases monotonously with increasing filler loading in this range.
The strength and strain at break values are almost unaffected by adding 15% hBN. With
35% hBN, both these values are reduced. With 50% hBN, the strength values are higher
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than that for 100% TPU, while the strain at break values are similar to those for 35% hBN.
With 65% hBN, the highest strength and the lowest strain at break are observed.
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Figure 8. Strain at break of injection moulded specimens as a function of hBN loading.

The PBF composites are more brittle than the IM composites, although pure TPU is
also more brittle when processed by PBF. Figure 9 shows the strain at break of some PBF
specimens as the function of printing parameters. Note the similarity with the trends for the
thermal conductivity in Figure 3. For the main data series in this figure (PBF_40BN3; red
open squares), the laser energy density, EV, was increased by increasing the laser power or
decreasing the scanning speed. In these cases, the strain at break increases with increasing
EV. However, increasing EV by reducing the layer thickness (L) from 0.1 to 0.08 mm reduces
the strain at break, as seen for specimen PBF_40BN3_d_08. The two specimens built along
the z direction (specimen names ending with “_z”) have higher strain at break than those
printed in the XY plane (all the other data points in the figure).
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3.3. hBN Platelet Orientation
Characterisation of hBN Platelet Orientation by XRD

XRD was used to characterise the orientation of hBN platelets in the polymer matrices.
Figure 10 shows an example of XRD data for specimens with 35 wt% BN3, fabricated by
injection moulding and casting. The diffraction patterns of the two specimens have very
different 100/002 peak ratios. Figure 11 shows the effect of hBN loading on the orientation.
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Figure 11. Orientation of hBN platelets (〈cos2θ〉 from Equation (3)) as a function of hBN load-
ing in discs fabricated by injection moulding (IM_BN3), casting (C_BN3) and PBF (PBF_40BN3_d;
PBF_40BN3_d_z). Data from the centre of an IM specimen (after grinding and polishing away half the
thickness) are also included (IM_BN3_centre). The solid lines correspond to through-plane, random
and in-plane orientations. The data points of the two PBF specimens overlap (open square symbols).

4. Discussion

Section 4.1 starts with a discussion of the platelet orientation in injection moulded
discs, focusing on the variation through the thickness and the effect of hBN loading.
Then, the orientation in discs fabricated with the two other methods are discussed briefly.
Section 4.2 discusses effects of hBN loading, hBN powder type and the processing method
on the measured thermal conductivity, as well as the effect of test temperature. Section 4.3
compares our experimental conductivity data with the literature data. Section 4.4 compares
our experimental conductivity data with model predictions. The mechanical properties are
discussed in Section 4.5.

4.1. Orientation of hBN Platelets

Data for the orientation of hBN platelets in IM discs are shown in Figure 11. This
〈cos2θ〉 value is dominated by diffraction from regions near the surface, typically the outer
0.3–0.4 mm, with gradually less intensity from deeper layers. This is based on the estimated
X-ray penetration depths (see Experimental Section), and the XRD measurements with
half-thickness discs (specimen IM_BN3_centre in Figure 11).

The 〈cos2θ〉 values of hBN platelets near the surface of a “full” disc increases with
increasing hBN loading, while the opposite trend is observed for “half-thickness” discs.

It can be questioned if the observed effect of hBN loading can be an artefact due to
the X-ray absorption coefficient varying with the hBN loading. If we assume that the
orientation is highest near the surface of the 2 mm disc and the linear X-ray absorption
coefficient increases with BN loading (see Experimental Section), this could contribute to
the observed trends; a higher BN loading would result in less diffracted intensity from
deeper layers with lower orientation (or higher orientation for “half-thickness” discs), and,
hence, a higher observed 〈cos2θ〉 value as an artefact. It is difficult to quantify this effect
because we do not know the orientation distribution through the cross section a priori.
However, with the estimated low effect of hBN loading on the absorption coefficient, we
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believe that the effects of hBN loading on the 〈cos2θ〉 values in Figure 11 reflect real effects
in the IM specimens.

A 〈cos2θ〉 value close to 1 means that hBN platelets are highly in-plane oriented.
Our results, as shown in Figure 11, indicate that the centre region of the IM specimen
(IM_BN3_centre) has lower 〈cos2θ〉 values than the region near the surface. For the IM
disc with 35 wt% hBN, the 〈cos2θ〉 value of the half-specimen IM_BN3_centre is quite close
to that of the full specimen IM_BN3, implying a more uniform orientation through the
cross-section of the specimen.

A variation in platelet orientation through the disc thickness agrees with numerical
simulations of platelet orientation induced by the injection moulding process (Figure S4 in
the Supplementary Materials). A variation from the surface to the central region (core) is
well known for IM parts, in particular for fibres [45], but also for plate-like particles [46].
The typical orientation resulting from the flow between two parallel mould cavity walls is
a core-shell-skin structure with a shell layer of plates aligned along the walls (due to the
high shear strain rate in this position) and a core layer with lower in-plane orientation, or
even transverse orientation. Between the core and shell layers, there is a transition layer.
The outer-most skin of a moulded part is deposited directly from the fountain flow at the
flow front, and this skin layer typically has lower in-plane orientation than the shell layer.

As mentioned in Section S7 in the Supplementary Materials, the simulated maxi-
mum and minimum orientation through the thickness can be tuned by model parameter.
The effect of hBN loading on increasing the maximum orientation through the thickness
while reducing the minimum orientation value, as in Figure 11, can also be modelled
qualitatively by decreasing the value of the particle–particle interaction parameter CI
(Supplementary Materials). A similar experimental trend of the orientation in the shell
layer increasing with particle loading was observed for glass fibres [45]. However, accord-
ing to [47], there is no clear dependency of CI on the filler loading, and different experiments
have showed contradictory results.

For cast discs of epoxy with hBN, the 〈cos2θ〉 value also increases with increasing
hBN loading (Figure 11), although the values are lower than for the IM discs. For an
hBN loading of 35 wt%, 〈cos2θ〉 is close to 1/3, implying random orientation. A random
orientation would be expected due to the mixing prior to casting, and was also observed
by Yuan et al. [4] and Lin et al. [21] in their reference specimens. The higher 〈cos2θ〉 values
(preferred in-plane orientation) for higher hBN loadings could be related to the high
viscosity and the specimen preparation. Due to the high viscosity, the material had to be
pressed into the open mould with a tool in order to make a specimen without voids. This
could have induced an in-plane orientation of platelets, especially near the surfaces. A
tendency for platelet stacking due to a high concentration [4,14] (less space for the platelets
to arrange freely) could contribute to the orientation at a certain distance from the surface
as well.

The two PBF discs with 40 wt% hBN in Figure 11, printed in the XY plane and
“standing”, respectively, have a 〈cos2θ〉 value close to 1/3, i.e., a random orientation. There
are several studies of polymer PBF with added glass or carbon fibres, and these report a
preferred fibre orientation in the powder spreading direction, i.e., the direction the powder
recoater unit is travelling [48–50]. The degree of orientation depends on the type of recoater
(roller, blade), the recoater speed and the layer thickness. The orientation mechanism is the
shear flow induced by the recoater. Numerical models have been used to understand the
flow dynamics in the recoating/packing process, and also the formation of voids [51]. In
many cases, the fibre orientation is low. Hence, the nearly random orientation of the hBN
platelets in our study is in line with the literature. The flow dynamics of the hBN platelets
may also differ from that of the fibres in the literature. At the surface of the recoated layer,
there may be some platelets being “combed down” to an in-plane (XY) orientation by the
recoater. These oriented platelets, in combination with possible small voids/gaps between
the fused layers, may have a negative effect on the thermal conductivity perpendicular to
the layers, as well as on the mechanical properties.
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4.2. Thermal Conductivity

The thermal conductivity increases with increasing hBN loading for all three process-
ing methods in this study. The slope of the thermal conductivity vs. filler loading appears
to increase at around 30 wt% filler (about 18 vol% for IM hBN/TPU), and with a further
increase at loadings from about 50 wt% (about 34 vol% for IM hBN/TPU).

According to experimental literature on composites with hBN, the percolation thresh-
old for thermal conductivity is about 20–25 vol% for randomly oriented platelets (studies
with hBN size in the range of 3–8 µm [52], average particle size of 5 µm [21] and no size
given [53]). For highly through-plane-orientated platelets, the threshold is reported to
be about 10–15 vol% (studies with average particle sizes of 25 µm [54], 8 µm [55] and
5 µm [21]). Hence, the thermal percolation threshold depends on the orientation of the
hBN platelets in the polymer matrix. Above the percolation threshold, the platelets form
thermally conductive pathways in the polymer matrix. We will return to a discussion of
conductivity vs. hBN fraction in the next section, when comparing experimental data with
model predictions.

Injection moulded composites have lower conductivity than cast composites. This
is due to the preferred in-plane orientation of the hBN platelets in the former case, as
shown by the XRD data discussed in Section 4.1. Yuan et al. [4] also showed that a high
in-plane orientation of the platelets leads to a low conductivity enhancement in the through-
plane direction.

In a study of injection moulded polyamide 6 with Cu platelets, Heinle et al. [39]
observed similar platelet orientations, and orientation variations through the specimen
thickness, as in our study. Heinle et al. moulded specimens with different thicknesses
(2, 3 and 4 mm), and the core/shell ratio increased with increasing specimen thickness
(2, 3 and 4 mm). Due to a thicker core, 4 mm thick specimens had almost a three times
higher through-plane conductivity than 2 mm thick specimens (for 40 vol% platelets).
Heinle et al. also measured the conductivity in different directions; through-plane, in-
plane along the flow direction and in-plane transverse to the flow. For 40 vol% platelets,
the conductivities were almost the same in the two first directions, while it was almost
two times higher in the third direction.

In addition to BN3, two other hBN types (BN1 and BN2) were used in some experi-
ments (see Supplementary Materials, Sections S1 and S9). BN1 has smaller platelets than
BN2 and BN3. BN2 mainly contains hBN platelets, while BN3 contains both platelets and
spherical agglomerates of platelets (Figure S2a).

BN2 results in higher conductivity than BN3. Although some agglomerates are broken
up during processing, the lower conductivity with BN3 is probably due to platelets being
less dispersed. Powders with hBN agglomerates (as BN3) are claimed to have more
isotropic properties and easier processing due to a lower viscosity from spherical fillers [5].

With the same hBN weight fraction in the composite, BN1 results in lower thermal
conductivity than the two other powders. This effect is observed for both IM and PBF
specimens, at all temperatures. The smaller platelets in BN1 probably results in a larger
total surface area and smaller average distance between platelets in the composite (if
randomly distributed). A larger surface area will reduce the conductivity of the composite
if the matrix-filler interfacial thermal resistance is high [56]. On the other hand, above a
certain platelet fraction, a reduction in the average distance between platelets can increase
the conductivity due to a higher possibility of platelets coming into contact, thus leading
to conducting “chains” of platelets and, consequently, percolation [57]. In our case, the
negative effect of increased surface area seems to dominate. Different powders may
also have varying tendencies for agglomeration and deagglomeration during processing,
and this affects the conductivity. Li et al. [58] reported a similar size effect on thermal
conductivity in polyimide films with micro- and nano-sized BN.

Note that the interfacial thermal resistance refers to the combined effect of two thermal
resistances [59]: (1) the thermal contact resistance caused by poor mechanical and chemical
bonding between the two phases and (2) the thermal boundary resistance due to differences
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in the physical properties of the two phases. In our case, the former resistance is probably
dominating due to poor adhesion between the polymer matrix and the hBN surface.

The surface of the hBN particles can be modified chemically in order to improve
the dispersion of hBN particles and achieve a stronger hBN/polymer interface, thereby
improving the thermal conductivity and the mechanical properties [16,19,60–62]. There are
wet and dry routes, including covalent methods (e.g., oxidation of hBN with a strong acid
or base at high temperature and/or high pressure), non-covalent methods (e.g., coatings of
organic compounds or inorganic particles) and solid-state methods (e.g., thermal treatment,
high-energy radiation or strong mechanical forces) [16]. However, the chemical inertness
and oxidation resistance of hBN make the functionalisation of hBN challenging.

In our study, chemical functionalisation was tried for the BN3 powder. The hBN
particles were treated with a strong oxidation agent (nitric acid) followed by silanization
(using the aminosilane coupling agent APTES) [19]. However, the coupling agent could
not be attached to the hBN particles based on analyses using IR spectroscopy and energy
dispersive X-ray spectroscopy.

The thermal conductivity of the polymer matrices and the hBN/polymer compos-
ites decreases as a function of the temperature (Figure 4). The relative decrease is more
pronounced for the composites. This can be due to the mismatch in thermal expansion
coefficients between the platelets (low expansion coefficient) and the polymer matrix (high
expansion coefficient). When increasing the temperature, the mismatch will result in an
increase in the distance between adjacent filler platelets in thermal pathways, and may also
induce gaps between platelets and matrix. Both effects will reduce the conductivity of the
composite [51,54].

4.3. Comparison with Published Thermal Conductivity Values for Composites with hBN

Although the main objective of this paper is to contribute to the understanding of
thermal conductivity vs. hBN loading, hBN platelet orientation, etc., via processing method,
it is also interesting to compare with published values for similar composites, as in Table 1.
However, such comparisons are challenging, due to differences in mixing/processing
methods, hBN loading, hBN particle size and matrix material.

• Compression moulded hBN/epoxy in ref. [7] achieved a thermal conductivity of
7 W/m·K with 95 wt% hBN. Cast hBN/epoxy in ref. [8] reached a thermal conductivity
of 5.3 W/m·K with 57 vol% hBN (with size of 5–11 µm), but values for lower hBN
loadings were not presented. Our highest thermal conductivity for cast hBN/epoxy
composites was 2.0 W/m·K for 55 wt% (about 28 vol%) hBN (with size of ca. 20 µm).
Our casting resin could not be processed with a filler loading higher than this.

• For injection moulding, ref. [10] achieved 3.7 W/m·K for PE with 50 vol% hBN with
particle diameter 4–5 µm. Our injection moulded composite based on TPU with
65 wt% hBN (about 48 vol%) reached a thermal conductivity of 2.1 W/m·K. The
higher value in ref. [10] could be due to a better dispersion and more homogeneous
distribution of hBN particles.

• For PBF composites, refs. [12,13] achieved relatively higher thermal conductivities
than in our study. This could be due to synergetic effects of using two filler types (hBN
and Al2O3 in ref. [12], hBN and AlN in ref. [13]).

• For PBF composites with only one filler type, our results are similar to those in ref. [11]
with regard to (hBN/PA12). Ref. [11] reported a thermal conductivity of 0.55 W/m·K
with 40 wt% hBN (275% higher than the pure PA12 processed with PBF). Our best PBF
composite with 40 wt% hBN had a thermal conductivity of 0.56 W/m·K (ca. 460%
higher than the pure TPU processed with PBF).

Hence, hBN particle type and mixing method are important factors, as well as sur-
face treatment of the particles. The matrix material, in particular its viscosity, must be
carefully selected in order to obtain processable composites with higher particle loadings.
Furthermore, synergetic effects can be achieved when using two particle types.
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4.4. Experimental Thermal Conductivity vs. Model Predictions

Comparing the experimental thermal conductivity data with models can aid the
discussion. Many models have been developed for the thermal conductivity of composites.
This section presents data obtained with four models (see Supplementary Materials for
details and also some comparisons). One reason for including these four models is that they
provide quite different predictions. Many articles only use one of these models without
arguing for their choice of model. Furthermore, one of the models (the Sun model) is quite
new, and, to the best of our knowledge, we are the first to use and evaluate it (apart from
the cited article by Sun et al.).

4.4.1. The Thermal Conductivity Model of Nan et al.

Nan et al. [36] introduced a Maxwell–Garnett-type effective medium approximation
(EMA) model (see Section S11 in the Supplementary Materials) which has been used in
many studies of hBN/polymer composites [4,20,53]. The Nan model includes effects of
particle shape (ellipsoids, which can represent platelets), particle orientation and interfacial
thermal resistance. However, it is limited to particles with isotropic thermal conductivity,
while hBN platelets are anisotropic. Furthermore, this model does not take into account
filler-filler contact or nonuniform particle distributions (nor do any of the models in this
section). Hence, it is restricted to low filler fractions, and it cannot predict the percolation
threshold, or effects of non-homogeneous platelet distributions or poor platelet dispersion
(stacks and agglomerates).

Some insight can be gained by comparing our experimental data with the Nan model,
with different values for the filler-matrix interfacial thermal resistance (RBD) and platelet
orientation (〈cos2θ〉) in the model. Section S11 in the Supplementary Materials provides
details about the Nan model and a background for the model parameters used in our study,
including a simple sensitivity analysis.

For the injection moulded discs, a simplified picture is that the average platelet
orientation through the disc thickness is almost independent of hBN loading, with 〈cos2θ〉
of around 0.8, referring to the average of red and yellow solid square symbols in Figure 11.
Figure 12 compares experimental data with the Nan model with relevant model parameters.
For hBN loadings of up to about 15 vol%, the experimental data are merely below the
model predictions (almost on the green solid line corresponding to 〈cos2θ〉 = 0.85 and
RBD = 10−6 m2W/K). This is reasonable; even though the experimental 〈cos2θ〉 (average
over the thickness) may be comparatively lower than 0.85, the RBD value may be lower
than 10−6 m2W/K, and the platelets are probably not homogeneously distributed and not
perfectly dispersed (from agglomerates).

The steeper slope for the experimental data in the range 15–35 vol% is probably due
to the formation of some platelet-platelet contact, resulting in local conductive paths and
a boost in conductivity. This could be represented as a reduction in the effective RBD
value for the Nan model (here, “effective” means that there is some filler-filler contact in
the specimens which is not accounted for in the model, in which RBD is strictly defined
to represent filler-matrix contact). Other causes, however less likely, could be that there
is a substantial core in the disc with a lower 〈cos2θ〉 than which was captured by our
measurements, or that the filler-matrix resistance decreases with increasing hBN loading.

The last experimental data point at that 48 vol% is above the Nan model predictions
with reasonable input parameters. The Nan model predicts this datapoint if 〈cos2θ〉 is set
to 0.67 and RBD is set to 0. However, the 〈cos2θ〉 value is probably higher than 0.67, and
the mismatch between the model and the experimental data is probably due to even more
platelet-platelet contact in the specimen (than at lower loadings). Finally, note that BN3 data
were used in Figure 12 while hBN-type BN2 resulted in even higher conductivity (Figure S7
in the Supplementary Materials), while having roughly the same platelet aspect ratio.
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A similar trend is observed for the experimental data of cast specimens vs. the Nan
model, see Figure S13 in Section S12 in the Supplementary Materials. Hence, also in the
cast specimens, platelet-platelet contact seems to form at high hBN loadings.

4.4.2. The Thermal Conductivity Model of Ordóñez-Miranda et al.

Ordóñez-Miranda et al. [37] combined the Nan model above with the Bruggeman
integration principle. The resulting model is claimed to be better at high particle volume
fractions than the Nan model. However, Ordóñez-Miranda et al. only considered the case
with a random orientation of particles.

As shown in Figure S14 in the Supplementary, the Ordóñez-Miranda model predictions
are quite different from those of the Nan model (Figure S13). When comparing with the
experimental data for cast specimens, and assuming a random orientation of platelets,
the Ordóñez-Miranda model is closer to the experimental values than the Nan model
when using relevant values for the interfacial thermal resistance. Furthermore, with the
Ordóñez-Miranda model, only a very small reduction in interfacial thermal resistance
(corresponding to the formation of some chains of platelets effective in the through-plane
direction) is needed to capture the last data point (with an hBN volume fraction of 38.5%).
The Nan model with random orientation cannot capture this data point, even with zero
interfacial thermal resistance.

4.4.3. The Thermal Conductivity Model of Sun et al.

Based on a finite element model, Sun et al. [38] derived an analytical model for the
thermal conductivity of hBN/polymer composites. In addition to the effects included in
the Nan model above, the Sun model also takes into account the anisotropic thermal con-
ductivity of the hBN platelets. Hence, in principle, it should be more accurate than the Nan
model. However, the Sun model has the same limitations as the models above regarding
an absence of filler-filler contact and a homogeneous platelet distribution. The Sun model
and our implementation are presented in Section S13 of the Supplementary Materials.

The Sun model generally predicts lower conductivities than the Nan model. For the
cast specimens, the Sun model underestimates the conductivity for all three data points in
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the interval 20–40 vol% hBN, see Figure S15 in the Supplementary Materials. As for the
Nan model, the experimental data has a larger curvature vs. filler loading (vol% hBN) than
the model predictions.

4.4.4. The Lewis-Nielsen Thermal Conductivity Model

This simple model has been used in studies of composites with platelets [39,63]. In
addition to the conductivities of the two phases, the model has two semi-empirical constants
(see Section S14 in the Supplementary Materials for details). The first constant represents the
maximum volume fraction (often 0.8–0.85 for platelets [39,63]), and the second is a geometry
factor for the particles. This geometry factor represents the effective particle shape in the
direction in which the conductivity is measured. Hence, the average particle orientation is
embedded in this geometry factor. The drawback of this model is that the geometry factor
is mainly an empirical fitting parameter. Some comparisons between model predictions
and experimental data are shown in Section S14 in the Supplementary Materials.

Heinle et al. [39] used a three-layer Lewis-Nielsen model for the through-plane thermal
conductivity of injection moulded specimens. The three layers through the thickness of
the specimens represented the two symmetric shell layers (with high in-plane orientation
of Cu platelets) and the core layer (with lower orientation). This model resulted in good
predictions of thermal conductivity vs. the Cu platelet volume fraction for different speci-
men thicknesses (2, 3 and 4 mm), which had different shell/core ratios. The model also
predicted the conductivity in different directions (through-plane, in-plane along the flow
direction and in-plane transverse to the flow).

4.5. Hardness and Tensile Properties

The high stiffness and strength of hBN platelets can, in principle, enhance the hardness,
stiffness and strength of thermoplastics. However, the interphase between the two is
weak [5], thus reducing the effectiveness of the platelets and rather inducing defects
which reduce mechanical properties, in particular those involving strains above the elastic
limit, i.e., most properties except the modulus of the composite. Prindl [64] injection
moulded three thermoplastic materials (a polypropylene, a polyamide 6 and a thermoplastic
elastomer) with hBN and found that properties such as strain at break, tensile strength
and impact strength generally decreased when adding hBN. The least negative effect was
observed for the polyamide 6.

The hardness enhancement effect of hBN platelets is about the same in injection
moulded and cast specimens (Figure 5). The slightly larger relative enhancement in the
former case could be related to the platelet concentration either in the outer layer or the
platelet orientation.

The relative modulus enhancement (Figure 6) is larger than the relative hardness en-
hancement. This was expected due to the lower strain level for the modulus determination.
Nevertheless, the modulus enhancement is rather low, given the high modulus of the hBN
platelets relative to that of the TPU.

Regarding tensile strength and strain at break vs. hBN fraction (Figures 7 and 8),
the trends above 15% hBN could be explained by two mechanisms which occur when
adding fillers. Increasing the hBN content reduces the ductility, i.e., reduces the strain at
break. However, increasing the hBN content also reinforces the material, i.e., shifts the
stress–strain curve upwards (to a higher stress for a given strain). From 15 to 35% hBN, the
first mechanism dominates both the strength and strain at break, while from 35 to 50%, the
second mechanism dominates.

In addition to BN3, another hBN type (BN2) was also used in some tests (material
data and results are shown in Sections S1, S5 and S10 in the Supplementary Materials).
BN2 mainly contains hBN platelets, while BN3 contains both hBN platelets and spherical
agglomerates of hBN platelets (Figure S2a). There was no clear effect of hBN type on the
tensile modulus. This could be due to the low strain, for which effects of particle size
may be small. For the strength and strain at break, there are some effects of hBN type



Polymers 2023, 15, 1552 20 of 24

that are statistically significant. Especially at 35% hBN, but also at 50% hBN, BN2 results
in a higher strength than BN3. This could be due to the agglomerates in BN3. At 50%
hBN, the higher strength with BN2 could partly be due to better particle dispersion (and
no agglomerates) and less micro-voids and imperfections. This agrees with the fact that
BN2 also resulted in the highest thermal conductivity at this loading (see Figure S7 in the
Supplementary Materials).

The PBF composites are more brittle than the IM composites due to voids caused
by the thermal history and absence of melt flow in the PBF process (the flow in the IM
process may relatively improve the wetting of hBN particles with TPU melt). In addition,
the type of recoater used may not be optimal for such composites, see also Section 4.1. A
decrease in tensile properties when adding hBN was also observed in the PBF study by
Yang et al. [11], although they used hBN/PA12 co-powders, prepared by solid-state shear
milling and cryogenic pulverisation.

Increasing the energy density in the PBF process improves the tensile strength and
strain at break to a certain degree (Figure 9) due to better melting and fusion. However, the
energies are high and there is a risk for the chemical degradation of the TPU. It may be that
the hBN platelets reflect some of the laser energy, and they will also spread the heat away
from the area hit by the laser beam.

The PBF specimens built along the z direction have higher strength and higher strain
at break (and also higher thermal conductivity) than those printed in the XY plane. Usually,
the opposite is observed for PBF, whereby specimens printed in the z direction have lower
strength and strain at break. In our case, it could be that the bulk temperatures in the part
during printing are higher for parts printed in the z direction. A difference in temperature
history could mean a difference in achieving some TPU-hBN adhesion and reducing voids,
and this could dominate over the usual “weakest chain” interlayer failure of PBF parts.

5. Conclusions

This study has provided new insights on the effects of the fabrication method and
hBN loading on the thermal conductivity and mechanical properties of hBN/polymer
composites. Injection moulding, casting and powder bed fusion were utilised for fabricating
composite specimens. The hBN platelet orientation in the specimens was characterised by
XRD measurements.

Injection moulding induced a preferred orientation of the platelets, with the platelet
normal along the thickness direction of the specimens. Furthermore, the orientation varied
through the thickness of the moulded specimens, and it increased with increasing hBN
fraction. The platelet orientation in injection moulded specimens agreed qualitatively with
numerical simulations. Casting only resulted in a low preferred orientation, and powder
bed fusion resulted in an almost random orientation.

With the process equipment used, the maximum practical hBN loading was 65 wt%
for injection moulding with TPU as matrix, 55 wt% for casting with epoxy and 40 wt% for
powder bed fusion with TPU. The thermal conductivity of the composites increased with
increasing hBN loading. The highest thermal conductivity in this study (2.1 W/mK) was
obtained with injection moulding with 65 wt% hBN. However, for a given hBN loading,
casting resulted in a higher thermal conductivity than the other two methods. This was
partly due to the platelet orientation in cast specimens (in particular being more favourable
than the orientation induced by injection moulding) and partly due to the matrix material
(the epoxy probably resulting in a relatively lower interfacial thermal resistance, and also
less porosity).

The conductivity and orientation data were discussed by a comprehensive comparison
with four models for the thermal conductivity of composites. At low hBN loadings, the Nan
model resulted in a fair prediction of the conductivity. Underprediction at higher loading is
interpreted to be due to the fact that this model does not take into account the formation of
platelet-platelet contact, resulting in local conducting paths (pre-percolation). The Ordóñez-
Miranda model is limited to a random platelet orientation, but it predicts the experimental



Polymers 2023, 15, 1552 21 of 24

data for cast specimens better than the Nan model. Hence, the Ordóñez-Miranda model
should be generalised to account for particle orientation.

Adding hBN increased the hardness and tensile modulus of the materials. For injection
moulded specimens, the tensile strength had a minimum vs. hBN loading, while the strain
at break decreased monotonously, with a sharp reduction between 15 and 35% hBN. These
trends can be explained by two mechanisms which occur when adding hBN: reinforcement
and embrittlement. Powder bed fusion resulted in even more brittle composites, and some
type of hBN-polymer compatibilization is probably needed to achieve adequate mechanical
properties, in addition to process enhancements.
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Supplementary Materials 

S1. Materials 
The materials used in this study are summarized in Table S1. The polymer matrix 

was thermoplastic polyurethane (TPU) for injection moulding and powder bed fusion (3D 
printing), and epoxy for casting. Three different types of hexagonal BN (hBN) powder 
were used for preparation of hBN/polymer composites.  

Results presented in the article are based on the polymer composites containing BN3. 
Sections 9 and 10 of this Supplementary Materials provide additional results of the poly-
mer composites containing BN1 and BN2. This supports the discussion and evaluation of 
the effects of filler (e.g. particle size, as well as single platelets vs. partly agglomerated 
particles) on the thermal conductivity and tensile properties of the hBN/polymer compo-
sites. 

Table S1. Materials used for preparation of hBN/polymer composites. 

Name Materials Product name, Supplier 
hBN particles 

BN1 hBN powder with average particle size of ~ 1 µm 
Boron nitride powder, 1 µm, 98% (product 

no. 255475), 
Sigma Aldrich, Merck 

BN2a 
hBN powder. Single platelets with median particle size (D50) of 12 µm 

and size distribution in the range (0.8–40) µm, specific surface area 
(BET) ~ 6 m2/g  

HeBoFill LL-SP 120,  
Henze Boron Nitride Products AG, Ger-

many 

BN3a hBN powder. Platelet agglomerates with D50 of 20 µm and size distribu-
tion in the range (0.5–31) µm, BET ~ 4 m2/g  

HeBoFill CL-ADH 020,  
Henze Boron Nitride Products AG, Ger-

many 
Polymer matrix 

TPU Ultrasint TPU 88A (in the form of powder) BASF, Germany  

Epoxyb 

An epoxy system (for casting) containing: 
- 35 wt% unmodified bisphenol-F epoxy resin (Araldite GY 285-1)

- 35 wt% reactive diluent (Araldite DY 026)
30 wt% amine-based curing agent (Jeffamine D-230 Polyetheramine) 

Huntsman 

aInformation about BN2 and BN3 as provided by the supplier [1,2]. Size distributions of BN2 and 
BN3 are shown in Figure S1. The powder BN3 had a partly agglomerated particle structure, claimed 
to give good lubricating properties and low viscosity increase [2]. Platelets and spherical agglomer-
ates are shown in Figure S2a.bThe epoxy system was formulated to have a low viscosity, suitable for 
preparing composites with high filler content. 

S2. Specimen Fabrication 
All specimens, with codes, are listed in Table S2 and Table S3. Details about the fab-

rication by casting and powder bed fusion (PBF) are given below. 

Table S2. Specimens fabricated by injection moulding and casting. 

Specimen ID Processing technique Polymer BN type hBN content 
(wt%) 

IM_TPU 

Injection moulding TPU 

BN3 

0 
IM_15BN3 15 
IM_25BN3 25 
IM_35BN3 35 
IM_50BN3 50 
IM_65BN3 65 
IM_15BN2 

BN2 

15 
IM_35BN2 35 
IM_50BN2 50 



IM_50BN1 BN1 50 
C_Epoxy 

Casting Epoxy BN3 

0 
C_35BN3 35 
C_50BN3 50 
C_55BN3 55 

Casting: 
Composite specimens of epoxy and hBN were prepared by vacuum mixing (Thinky 

Planetary Vacuum Mixer) followed by casting into a PTFE mould and curing at 150 ºC for 
18 hours. The epoxy system contained 35 wt% bisphenol-F epoxy, 35 wt% diluent and 30 
wt% curing agent (details in the article). This formula was selected to achieve a low vis-
cosity, suitable for preparing composites with a high filler concentration. The epoxy sys-
tem was mixed with hBN powder in vacuum through four steps, in order to avoid air 
trapped inside the mixture during mixing. The time for each mixing step was 2 minutes; 
the rotation speed was 2000 rpm for the first two steps and 1500 rpm for the last two steps; 
and vacuum was decreased from 50 kPa to 30 kPa, 10 kPa and 2.5 kPa from the first step 
to the fourth step. The maximum practical filler content was about 55 wt%, for which there 
was no formation of voids or air bubbles during mixing and casting. 

Powder Bed Fusion (PBF): 
A desktop PBF 3D printer (SnowWhite, Sharebot, Italy) was employed to fabricate 

specimens from TPU powder and hBN/TPU powder mixtures. The machine has a maxi-
mum build volume of 100 mm x 100 mm x 100 mm, a CO2 laser (wavelength 10.6 µm, max. 
power 14 W), a blade for recoating powder (i.e. applying a new layer of powder). The 
printing was performed in air.   

In order to identify appropriate processing parameters for the hBN/TPU composites, 
the starting point was the parameters suggested for the TPU by the material supplier (for 
other machines than the one used in this study). However, a higher laser energy density 
was needed, also for the pure TPU. In addition, a higher hBN content required a higher 
energy, see Table S3. However, composites with satisfactory fusion (i.e. with enough duc-
tility for practical use) could not be obtained by PBF, at least not with the present powder 
mixing method and recoater. 

Table S3. Specimens fabricated by PBF 3D printing. The process parameters EV, P, v and L are ex-
plained in the article. The laser energy (EV) was applied three times for each powder layer, i.e. three 
repeated laser scans (the recommendation from the material supplier was to apply two laser scans). 
The hatching distance (the distance between two adjacent laser scanning lines for the contour lines 
and the infill lines) is not included in the table. It was kept constant at 0.1 mm. 

Specimen ID 
BN con-

tent 
(wt%) 

EV 
(J/mm3) 

P  
(W) 

v  
(m/s) 

L 
(mm) 

Chamber 
temp. 
(ºC) 

Specimen 
orientation 

PBF_TPU 0 0.31 8.4 2.7 0.10 88 xy 
BN type 2 

PBF_15BN2 15 0.13 3.5 

2.7 0.10 88 xy PBF_25BN2 25 0.21 5.6 
PBF_35BN2 35 0.31 8.4 

BN type 1 
PBF_35BN1 35 0.31 8.4 2.7 0.10 88 xy 

BN type 3 
PBF_35BN3 35 0.31 8.4 

2.7 

0.10 

88 
xy 

PBF_40BN3_a 0.26 7.0 
PBF_40BN3_b 0.31 

8.4 

PBF_40BN3_b_z 0.31 z 
PBF_40BN3_b_92 0.31 92 

PBF_40BN3_c 0.35 2.4 



 

 

PBF_40BN3_d_08 40 0.39   
2.7 

0.08  
 
 
 

88 

 
xy PBF_40BN3_d 0.39 

 
10.5 

 
 

0.10 
PBF_40BN3_d_z 0.39 z 

PBF_40BN3_e 0.50 2.1 xy 

S3. hBN Powders and hBN/polymer Composites Characterized by SEM 
Two types of hBN powders from Henze (BN2 and BN3) were used. Particle size dis-

tributions of BN2 (single platelets) and BN3 (partly agglomerated) are shown in Figure 
S1. Platelets and spherical agglomerates of BN3 can be seen in Figure S2a. Figure S2a 
shows a cast specimen with 55 wt% BN3. A PBF composite printed in the xy plane (spec-
imen PBF_40BN3_d) is shown in Figure S2b, revealing voids.   

These SEM micrographs were obtained using Secondary Electron (SE) detectors. In 
cases where low vacuum was used to minimize image distortion from sample charging, 
SE were recorded by an “Ultra Variable-pressure Detector” (UVD), which indirectly de-
tects SE emission. Cross-sections were cut along the (2 mm) thickness direction of injection 
moulded and PBF discs. Similar cross-sections of cast discs were prepared by etching, us-
ing an Ar ion milling system (Hitachi IM 4000). The ion etching was conducted with 6 kV 
accelerating voltage, in cross-section mode (a Ta mask was used for defining the cross-
section).   

 
Figure S1. Particle size distribution of BN2 and BN3. Data from powder supplier. 



 

 

  
(a) (b) 

Figure S2. SEM micrographs of cross-sections of disc specimens. The white arrows show the direc-
tion of the disc normal. The bright spots are artefacts caused by charging in the SEM. (a) Ion milled 
cross-section of disc C_55BN3. An agglomerate of hBN platelets is seen inside the red circle. (b) 
Cross-section of PBF disc printed in the xy plane (specimen PBF_40BN3_d). The yellow circles show 
the positions of voids. 

S4. Determination of Density for the Thermal Conductivity Measurements  
The density of some PBF specimens (e.g. PBF_TPU; PBF_15BN2; PBF_25BN2; 

PBF_35BN2; PBF_35BN3; PBF_40BN3_c; PBF_40BN3_c_z) was measured gravimetrically 
(Mettler Toledo XS204 with density kit). The measurements were conducted at 20 ºC, us-
ing water as the immersion liquid. All specimens were measured twice, and they were 
dried well between each time. The difference between the measured density and the cal-
culated density (based on mass and dimensions) was negligible. Examples: the measured 
and calculated densities of specimen PBF_40BN3_c were 0.73 g/cm3 and 0.75 g/cm3, re-
spectively. For PBF_TPU, the measured and calculated densities were 0.85 g/cm3 and 0.84 
g/cm3. Therefore, calculated densities were used to determine thermal conductivity of all 
(remaining) samples.  

S5. Tensile Testing – Supplementary Experimental Details and Examples of Stress-
Strain Curves 

Tensile testing of injection moulded specimens was performed with a universal test 
machine (Zwick Z250), using a 2.5 kN load cell. The specimen was mounted in wedge 
grips, with grip-to-grip distance of 55 mm. Strains were calculated from displacements 
measured with an extensometer with initial gauge length of 25 mm. The crosshead speed 
was 0.5 mm/min up to a strain of 0.25 %, and then changed to 25 mm/min (as suggested 
described in ISO 527-1:2012). These speeds were chosen in order to have nominal strain 
rates similar to those typically used in tensile testing of plastics, with the most common 
(larger) test specimen type 1A of ISO 527-2. PBF specimens were tested with a smaller 
machine (Lloyd Instruments LR50K) using a 500 N load cell. The crosshead speed was 
constant (25 mm/min) and an extensometer was not used. Three specimens were tested 
for each filler concentration, and the reported data are average values.  

Figure S3 shows an example of tensile stress-strain curves. These curves illustrate 
that the two composites with 50% BN2 and BN3, respectively, differ with regard to 
strength (maximum stress) and strain at break. The differences are small, but statistically 
significant. See also Figures S9 and S10 below. 



 

 

 
Figure S3. Tensile stress-strain curves for the composites IM_50BN2 and IM_50BN3. Curves for two 
repeated tests are shown for each composite. 

S6. Specimen preparation for XRD of the specimenʹs mid-plane 
Injection-moulded disc specimens were cast in epoxy. To expose the mid-plane for 

XRD measurement, the specimens were grinded to their half-thickness (1 mm) and pol-
ished. XRD data obtained with the half-thickness specimen (referred to as IM_BN3_cen-
ter), with the X-ray beam towards the mid-plane mentioned above, was compared with 
data obtained with the original 2 mm thick specimen, in order to evaluate the orientation 
of hBN platelets in the ‘skin’ and core regions of injection moulded specimens.  

S7. Numerical simulation of platelet orientation in injection moulded discs 
The process-induced orientation of plate-like particles in the ø25 mm 2 mm thick disc 

was simulated with the commercial software Moldex3D (release R2020). The simulation 
of the injection moulding process involves non-isothermal flow of a non-Newtonian fluid. 
The platelet orientation was simulated with the improved anisotropic rotary diffusion and 
retarding principal rate (iARD-RPR) model [3]. This model has four parameters: the effec-
tive Jeffery aspect ratio of a cylindrical particle (e.g. plate) (R), a particle–particle interac-
tion parameter (CI), a particle-matrix interaction parameter (CM) and a retardation param-
eter (α). Identifying and verifying model parameters for predicting the orientation of hBN 
platelets is beyond the scope of this paper, but a small study was performed to assess the 
sensitivity of the simulated orientation to the four parameters mentioned above, and to 
the viscosity of the polymer and some moulding parameters. 

Numerical simulations were performed to obtain the 3D distributions platelet orien-
tation in the injection moulded disc. As we do not have a verified material model for the 
orientation of these hBN platelets in a flowing polymer melt (i.e. verified parameters for 
the iARD-RPR model), the purpose of the simulations is mainly to obtain a qualitative 
picture of how the orientation varies through the thickness of the disc, in order to compare 
with the ⟨𝑐𝑜𝑠 𝜃⟩  values from XRD, and ⟨𝑐𝑜𝑠 𝜃⟩  values used in two of the models for 
thermal conductivity (section 4.4 in the article). 



 

 

Figure S4 shows how the orientation varies through the thickness of the disc, at the 
center point of the disc. The ⟨𝑐𝑜𝑠 𝜃⟩ value (blue curve, Az) is highest in a ʺshellʺ near the 
surface, and lowest in the midplane/core of the disc. In a skin layer (about 50 µm thick in 
Figure S4) the orientation decreases towards the surface. This can be attributed to the 
fountain flow at the flow front and/or thermal effects [4]. The red curve (Ax) in Figure S4 
is the orientation of the platelet normal relative to the x axis, i.e. the main flow direction, 
see Figure S5. Near the surface this value is lower than 0.1, i.e. the platelet normals are 
essentially perpendicular to the x direction. In the core, the value is 0.4, i.e. the platelet 
normals have a slightly preferred orientation along the x axis (a random orientation would 
give Ax = 1/3). 

Figure S5 shows how the orientation (⟨𝑐𝑜𝑠 𝜃⟩) varies through the thickness of the 
disc, in different ʺslicesʺ through the xy plane. The thickness of the shell and core layers, 
as well as the maximum and minimum values, varies over the disc area, especially along 
the main flow path from the gate to the other side of the disc (slice A in Figure S5). 

 
Figure S4. Simulated platelet orientation through the thickness of the 2 mm thick disc; diagonal 
components of the second order orientation tensor. The three components/curves relate to the coor-
dinate system in Figure S5. The component Az corresponds to ⟨𝑐𝑜𝑠 𝜃⟩ in other sections of the pa-
per. Parameters for the iARD-RPR orientation model: R = 0.05, CI = 0.005, CM = 0, α = 0.7. Note that 
this model does not have a parameter for the platelet fraction as such. 



 

 

 
Figure S5. Simulated platelet orientation (Az = ⟨𝑐𝑜𝑠 𝜃⟩) in the 2 mm thick disc. The orientation data 
are shown in slices through the thickness of the disc, including gate and part of the runner. The 
model parameters are the same as in Figure S4. 

The sensitivity of the simulated orientation to model parameters was also assessed. 
The main parameter affecting the maximum, minimum and average ⟨𝑐𝑜𝑠 𝜃⟩ through the 
thickness of the disc is the particle–particle interaction parameter (CI). Typically, the ⟨𝑐𝑜𝑠 𝜃⟩max values are in the range 0.85-0.97 and the average values are in the range 0.75-
0.85. 

Here we will only summarize a few trends, based on the orientation through the 
thickness at the center of the disc, as in Figure S4 .  

The main parameter affecting ⟨𝑐𝑜𝑠 𝜃⟩max is the particle–particle interaction parame-
ter (CI); ⟨𝑐𝑜𝑠 𝜃⟩max increases with decreasing CI. It also increases with decreasing platelet 
aspect ratio (R) (however, R must differ from the experimental value to have a significant 
effect) and increasing matrix-particle interaction parameter (CM). Typically, the ⟨𝑐𝑜𝑠 𝜃⟩max 
values are in the range 0.85-0.97.  

The ⟨𝑐𝑜𝑠 𝜃⟩min value is also affected by the parameters, but less than the maximum 
value. Just as the maximum value, ⟨𝑐𝑜𝑠 𝜃⟩min also increases with decreasing CI, but it is 
insensitive to R. The difference between the maximum and minimum increases with de-
creasing CI, and CI is the dominant parameter.  

The average of ⟨𝑐𝑜𝑠 𝜃⟩ through the thickness increases with decreasing CI, and CI is 
the dominant parameter. This average is typically in the range 0.75-0.85.  

The viscosity of the polymer also influences the orientation. The main effects of in-
creasing the viscosity (via the zero-shear viscosity in the viscosity model) are to reduce 
the minimum and average ⟨𝑐𝑜𝑠 𝜃⟩ through the thickness. However, for a typical viscosity 
range, the average ⟨𝑐𝑜𝑠 𝜃⟩  is only about 0.04 higher or lower than the average values 
given above. 

The injection moulding process parameters also affect the orientation. In the simula-
tions referred to above, the fill time for the disc was set to 0.2 s, which is close to the ex-
perimental value. (Other moulding parameters in the simulations were set as in the ex-
periment.) If the fill time is increased to 1.2 s in the simulation, ⟨𝑐𝑜𝑠 𝜃⟩max decreases, while ⟨𝑐𝑜𝑠 𝜃⟩ min increases. The net effect is that the average ⟨𝑐𝑜𝑠 𝜃⟩  through the thickness 



 

 

increases slightly – e.g. from 0.77 to 0.81 with the model parameters listed in the caption 
of Figure S4 . 

S8. Differential Scanning Calorimetry (DSC) Results 
DSC of the pure TPU and TPU with 40 wt% BN3 was performed using a Perkin Elmer 

DSC 8500. The heating/cooling rate was 10 K/min, and the samples were heated twice 
from 25 °C to 255 °C in nitrogen atmosphere. Thermograms of TPU powder and TPU 
powder with 40 wt% BN3 are shown in Figure S6. The DSC thermograms showed that the 
TPU with 40 wt% BN3 had a broad melting endotherm, from about 120 ºC to 154 ºC, with 
a peak at about 133 ºC. The crystallization had a broad exotherm from about 120 ºC to 98 
ºC, with a peak at about 109 ºC. The difference between the composite and pure TPU was 
small (about 2 ºC). Therefore, the temperatures in the PBF process can be the same for 
pure TPU and hBN/TPU composites. 

 
(a) 



 

 

 
(b) 

Figure S6. DSC thermograms of the pure TPU power and the TPU powder with 40 wt% BN3 from 
(a) heating scans and (b) cooling scans. 

S9. Additional Results for Thermal Conductivity with Two other hBN Types (BN1 
and BN2) 

In addition to BN3 (used in the article), two other filler types (BN1 and BN2, see Sup-
plementary section S1) were used to study the thermal conductivity of hBN/TPU compo-
sites. The additional results in this section supplements and supports the discussion in the 
article, regarding the effects of filler (e.g. particle size, as well as single platelets vs. partly 
agglomerated particles) on the thermal conductivity of the hBN/polymer composites. 

Figure S7 shows that for IM composites with 50 wt% hBN, there was a clear effect of 
hBN type; BN2 and BN1 gave the highest and lowest conductivity, respectively. The same 
trend was seen for the PBF composites, although the effect was weaker. 



 

 

 
Figure S7. Thermal conductivity (at 30 ºC) of composites fabricated by injection moulding (ʺIMʺ), 
powder bed fusion (ʺPBFʺ) and casting (ʺCʺ) as a function of hBN loading. The PBF specimen with 
40 wt% BN3 was processed with a higher laser energy density than the other PBF specimens in this 
figure, see Figure 3 in the article and Table S3. 

S10. Additional Results for Tensile Properties with Another hBN type (BN2) 
In addition to hBN type BN3 (used in the article), another type (BN2, see Supplemen-

tary section S1) was also used in tensile tests. The additional results supports and supple-
ments the discussion (in the article) regarding effects of filler (e.g. particle size, as well as 
single platelets vs. partly agglomerated particles) on the material processing and tensile 
properties. 

The tensile properties of injection moulded specimens containing hBN type BN2 and 
BN3 are shown in Figure S8 – Figure S10. The tensile modulus increases monotonously 
with increasing filler loading in this range. The strength and strain at break values are 
almost unaffected by adding 15 % hBN. With 35 % hBN, both these values are reduced. 
With 50% hBN, the strength values are higher than that for 100 % TPU, while the strain at 
break values are similar to those for 35 % hBN. With 65 % hBN (only BN3) the highest 
strength and the lowest strain at break are observed. There are small, but statistically sig-
nificant, differences between composites with BN2 and BN3, see also Figure S3. 



 

 

 
Figure S8. Tensile modulus of injection moulded specimens as a function of hBN loading. The spec-
imen IM_TPU is 100% TPU. 

 
Figure S9. Tensile strength of injection moulded specimens as function of hBN loading. 



 

 

 
Figure S10. Strain at break of injection moulded specimens as a function of hBN loading. 

S11. The Model of Nan et al. 
The experimental thermal conductivities in this article were analyzed by comparing 

with the effective medium approximation (EMA) model introduced by Nan et al. [5]–[8]. 
This model, for the thermal conductivity of composites, includes effects of particle shape 
(ellipsoids, which can represent platelets), particle orientation and interfacial thermal re-
sistance. It has been used in some studies of composites with hBN. However, it is limited 
to particles with isotropic thermal conductivity, while our hBN platelets are anisotropic. 
Also note that the model does not take into account filler-filler contact or nonuniform par-
ticle distributions. Hence, it is restricted to low filler fractions, and it can not predict the 
percolation threshold. 

This supplementary section provides details about this model and background for 
the parameters used in our study. 

In the model of Nan et al. [5], the through-plane thermal conductivity (K33) of a com-
posite with oblate ellipsoidal particles (𝑝 1) (which can represent platelets) is expressed 
by Eq. S1:  𝐾 = 𝐾 1 + 𝑓 𝛽 (1 − 𝐿 )(1 − ⟨𝑐𝑜𝑠 𝜃⟩) + 𝛽 (1 − 𝐿 )⟨𝑐𝑜𝑠 𝜃⟩1 − 𝑓 𝛽 𝐿 (1 − ⟨𝑐𝑜𝑠 𝜃⟩) + 𝛽 𝐿 ⟨𝑐𝑜𝑠 𝜃⟩  (S1a) 

with: 

𝐿 = 𝐿 = 𝑝2(𝑝 − 1) + 𝑝2(1 − 𝑝 ) / 𝑐𝑜𝑠 𝑝 
(S1b) 

𝐿 = 1 − 2𝐿  (S1c) 𝑝 = 𝑎𝑎  (S1d) 



 

 

𝛽 = 𝐾 − 𝐾𝐾 + 𝐿 (𝐾 − 𝐾 ) 
(S1e) 

𝐾 = 𝐾1 + 𝛾𝐿 𝐾𝐾  (S1f) 

𝛾 = (1 + 2𝑝) 𝑅 𝐾𝑎  (S1g) 

⟨𝑐𝑜𝑠 𝜃⟩ = 𝜌(𝜃)𝑐𝑜𝑠 𝜃𝑠𝑖𝑛𝜃𝑑𝜃𝜌(𝜃)𝑠𝑖𝑛𝜃𝑑𝜃  
(S1h) 

where: 

Km and Kp are the thermal conductivities of the matrix and particles (hBN platelet in 
our case), respectively. The Km value is taken from the measured data; 0.22 W/m·K for the 
injection moulded TPU and 0.14 W/m·K for the cast epoxy. The Kp value used is the aver-
age thermal conductivity of hBN (300 W/m·K), see also sensitivity analyses below. The 
hBN platelet has anisotropic thermal conductivity due to its layered structure [8]. The in-
plane thermal conductivity (along the (002) plane) of hBN is about 600 W/m·K, due to 
strong covalent bonds between B atoms and N atoms. The through-plane thermal conduc-
tivity (along the (100) plane) is around 2–30 W/m·K [9]. The Kp value has a minor effect on 
the thermal conductivity of the injection moulded composites, which have ⟨𝑐𝑜𝑠 𝜃⟩ in the 
range 0.75 to 1, as shown in Figure S12. 

f is the volume fraction of particles (vol%) 𝐾  is the equivalent thermal conductivity along the ii symmetric axis of the compo-
site unit cell (with 11 and 33 representing in-plane and through-plane directions, respec-
tively)  

Lii are geometrical factors, dependent on the particle shape (on our case: L11 = L22 = 
0.037; L33 = 0.926) 

p is the ellipsoid particle aspect ratio; in our case a1 is the platelet diameter and a3 is 
the thickness. According to information from the hBN powder supplier, a1 and a3 of pow-
der BN3 are about 20 µm and 1 µm, respectively. Hence, the value of p used for the model 
is 0.05. 

RBD is the interfacial thermal resistance between particle and matrix (a property con-
centrated on a surface with zero thickness). The RBD range of (10-8 – 10-6) m2W/K for the 
hBN/polymer composites have been found by previous studies on polymer composites 
with hBN [6]–[8], [10]. Hence, the RBD values from 0 to 10-6 m2W/K are used in our paper. ⟨𝑐𝑜𝑠 𝜃⟩ is a measure of the orientation of the ellipsoid particles in the matrix (plate-
lets in our case); 𝜃 is the angle between a platelet surface normal and the specimen sur-
face normal; 𝜌(𝜃)  is a distribution function describing the platelet orientation. Hence, ⟨𝑐𝑜𝑠 𝜃⟩ is 1, 1/3 or 0 for platelets with in-plane, random or through-plane orientation, re-
spectively (as illustrated in Figure S11) [5]. The ⟨𝑐𝑜𝑠 𝜃⟩ values in our study are based on 
the data from the XRD measurements of the IM and cast specimens, as presented in Figure 
11 in the article. The cast (hBN/epoxy) specimens have ⟨𝑐𝑜𝑠 𝜃⟩ values in the range (0.4 – 
0.65) for hBN loadings in the range (21.6 – 38.5) vol%. For the IM (hBN/TPU) specimens, 
the ⟨𝑐𝑜𝑠 𝜃⟩ values of composites with (8.3 – 14.6) vol% hBN are about 0.85, and compo-
sites with (21.6 – 48.7) vol% hBN have average ⟨𝑐𝑜𝑠 𝜃⟩ values in the range of (0.75 – 0.85).  



 

 

 
Figure S11. Orientation of hBN platelets; through-plane, random and in-plane. 

There are uncertainties in our data with regard to using this model to interpret our 
experimental results. For instance, the interfacial thermal resistance is unknown, and the 
average orientation of platelets through the cross section is uncertain, at least for injection 
moulded specimens. Other parameters are also uncertain, such as the size and aspect ratio 
of the platelets.  

In order to evaluate these limitations and uncertainties, the effect of various parame-
ters on the model through-plane conductivity (K33) are shown in Figure S12a-c. In each 
diagram (a to c), K33 is plotted as function of platelet loading for selected values of platelet 
conductivity (Kp = 30, 300 and 600 W/m·K) and average platelet orientation (⟨𝑐𝑜𝑠 𝜃⟩ = 1/3, 
0.75 and 1). The interfacial thermal resistance (RBD) is 0, 3·10-7 and 10-6 m2W/K, in Figure 
S12a, Figure S12b and Figure S12c, respectively.  

Figure S12 shows that for ⟨𝑐𝑜𝑠 𝜃⟩ = 1 (in-plane orientation of platelets), the K33 value 
is the same for the three selected Kp values. The effect of RBD is also small. 

For ⟨𝑐𝑜𝑠 𝜃⟩ = 0.75, the K33 value is practically the same whether Kp is set to 300 or 600 
W/m·K, while K33 is reduced when Kp is reduced to 30 W/m·K (although the reduction in 
K33 is small for platelet fractions below about 20 vol%). The effect of RBD is noticeable for 
this orientation. For Kp set to 300 or 600 W/m·K, K33 (at 48.7 vol% hBN) is reduced from 
about 1.75 to about 1.25 W/m·K when RBD is increased from 0 to 10-6 m2W/K. 

Also for the lowest orientation in Figure S12, i.e. ⟨𝑐𝑜𝑠 𝜃⟩ = 1/3, K33 is nearly inde-
pendent of Kp in the range 300 or 600 W/m·K, but reducing Kp to 30 W/m·K has a quite 
large effect on K33. The sensitivity to RBD is also higher for this orientation. 

Hence, for our injection moulded specimens, with ⟨𝑐𝑜𝑠 𝜃⟩ in the range 0.75 to 1, a 
Kp value of 300 W/m·K can be used, although K33 is slightly overpredicted with this Kp 
value. However, it is difficult to estimate the RBD value via model fits, due to uncertain 
average ⟨𝑐𝑜𝑠 𝜃⟩  values through the specimen thickness and uncertain platelet dimen-
sions, as well as potential platelet-platelet contact or nonuniform platelet distributions or 
voids. Anyhow, comparing experimental data with model predictions with different RBD 
and ⟨𝑐𝑜𝑠 𝜃⟩ values can give some insight.  



 

 

 
(a). 

 
(b). 



 

 

 
(c). 

Figure S12. Effects of Kp, ⟨𝑐𝑜𝑠 𝜃⟩ and RBD on the thermal conductivity K33 of the model of Nan et 
al. (Eq. S1). Other parameters: Km = 0.22 W/m·K; p = 0.05; a3 = 1 µm; Note that, for ⟨𝑐𝑜𝑠 𝜃⟩ = 1, the 
curves for Kp = 30; 300 and 600 W/m·K overlap. Also, for ⟨𝑐𝑜𝑠 𝜃⟩ = 0.75 and 1/3 the curves for Kp = 
300 and 600 W/m·K overlap. 

To complement the comparison between this model and experimental data for injec-
tion moulded composites in the article, Figure S13 compares the model with experimental 
data for cast composites. In this figure, the lower and upper experimental values of ⟨𝑐𝑜𝑠 𝜃⟩ (0.4 and 0.65) were used in the model. For the data up to about 34 vol% filler, the 
agreement between model and experiments is OK, if we assume that the average ⟨𝑐𝑜𝑠 𝜃⟩ 
through the disc thickness is somewhat less than 0.4 (since it may be lower in the core than 
at the surface, at which the XRD measurements was performed) and the effective RBD value 
is much lower than 10-6 (here ʺeffectiveʺ means that there is some filler-filler contact in the 
specimens which is not accounted for in the model). However, at the highest filler loading 
(about 38 vol%), the model clearly underpredicts the experiment, if parameters assumedly 
represent an upper limit conductivity for this case (⟨𝑐𝑜𝑠 𝜃⟩ = 1/3 and RBD = 0). Hence, at 
this loading there seems to be a percolation effect in the experimental data, if we believe 
this model is correct at lower loadings. 

S12. The model of Ordóñez-Miranda et al.  
Ordóñez-Miranda et al. [11] combined the Nan model above with the Bruggeman 

integration principle. The resulting model is claimed to be better at high particle volume 
fractions than the Nan model. However, Ordóñez-Miranda et al. only considered the case 
with random orientation of particles. 

The Ordóñez-Miranda (ʺO-Mʺ) model was implemented by solving Eq. 11 in ref. [11] 
in combination with Eq. S1b-S1h above (with ⟨𝑐𝑜𝑠 𝜃⟩ = 1/3). 



 

 

 
Figure S13. The model of Nan et al. compared to measured thermal conductivities of cast 
BN3/epoxy composites (k_EXP_Cast). In addition to the model parameters given in the legend, the 
model parameters were Km = 0.14 W/m·K, Kp = 300 W/m·K, p = 0.05 and a3 = 1 µm. (⟨cos θ⟩ = 0.4 and 
0.65 are the lower and upper limits of the experimental data obtained by XRD). 

 
Figure S14. Ordóñez-Miranda model (k_O-M) compared to measured values for cast BN3/epoxy 
composites (k_EXP_Cast). In addition to the model parameters given in the legend, the model pa-
rameters were Km = 0.14 W/m·K, Kp = 300 W/m·K, p = 0.05, a1 = 20 µm, a3 = 1 µm, and ⟨cos θ⟩ = 1/3. 

S13. The Model of Sun et al. 



 

 

Based on a finite element model, Sun et al. [12] derived an analytical model for the 
thermal conductivity of hBN/polymer composites. In addition to the effects included in 
the Nan model above, the Sun model also takes into account the anisotropic thermal con-
ductivity of the hBN platelets. Hence, in principle it should be more accurate than the Nan 
model in section S11 above. However, the Sun model has the same limitations as the mod-
els above regarding no filler-filler contact and a homogeneous platelet distribution. 

The model of Sun et al. is given by Eqs. S2-S4 below. Note that the expression for 𝐾  
contained an error in ref. [12]. The corrected expression is given below (correction received 
from Dr. Sun, the first author of ref. [12]). 𝐾 𝐾 𝐾𝐾 𝐾 𝐾𝐾 𝐾 𝐾 = 𝐶 𝐾, 0 00 𝐾, 00 0 𝐾, 𝐶 

 

 
(S2) 

𝐾𝜀 , 𝜀 , 𝐾 = 1 + 𝐾 , 𝑓 + 3(𝑎 + 9)2(3 + 700𝐾 , 𝑅 ) − 1 𝑓 𝐾𝜀 , 𝜀 , 𝐾 = 1 + 9𝐾 , 𝑓 + √3(𝑎 + 9)2 + 700𝐾 , 𝑅 − 1 𝑓 𝐾𝜀 , 𝜀 , 𝐾 = 1 + 32 5𝐾 , 𝑓 + √3(1 + 1/𝑎)1 + 10 𝐾 , 𝑅 − 1 𝑓 

 

 
 
 

(S3) 

with 𝜀 , ≈ 1.00~1.05; 𝜀 , ≈ 0.99~1.06; 𝜀 , ≈ 1.00  𝜀 , ≈ 0.93~1.00; 𝜀 , ≈ 0.99~1.05; 𝜀 , ≈ 1.00~1.06  
 

𝐶 = 𝑐𝑜𝑠𝛼𝑐𝑜𝑠𝛾 + 𝑠𝑖𝑛𝛼𝑠𝑖𝑛𝛽𝑠𝑖𝑛𝛾 −𝑠𝑖𝑛𝛼𝑐𝑜𝑠𝛽 −𝑐𝑜𝑠𝛼𝑠𝑖𝑛𝛾 + 𝑠𝑖𝑛𝛼𝑠𝑖𝑛𝛽𝑐𝑜𝑠𝛾𝑠𝑖𝑛𝛼𝑐𝑜𝑠𝛾 − 𝑐𝑜𝑠𝛼𝑠𝑖𝑛𝛽𝑠𝑖𝑛𝛾 𝑐𝑜𝑠𝛼𝑐𝑜𝑠𝛽 −𝑠𝑖𝑛𝛼𝑠𝑖𝑛𝛾 + 𝑐𝑜𝑠𝛼𝑠𝑖𝑛𝛽𝑐𝑜𝑠𝛾𝑐𝑜𝑠𝛽𝑠𝑖𝑛𝛾 𝑠𝑖𝑛𝛽 𝑐𝑜𝑠𝛽𝑐𝑜𝑠𝛾  
 

(S4) 

where 𝐾 , 𝐾 , 𝐾  are thermal conductivities of the hBN/polymer composites along the x, 
y, z axes. 𝐾 , 𝐾 , 𝐾  are the thermal conductivities of the homogenized hBN/polymer compo-
site along three directions in the ideal uniform dispersion model.  

Km is the thermal conductivity (W/m·K) of the polymer matrix  
Kf,in and Kf,o are the thermal conductivity of hBN in the in-plane direction (100 – 1000 

W/m·K) and through-plane direction (2 – 40 W/m·K), respectively. According to ref. [12], 
the Kzz value of the Sun model is almost independent of the thermal conductivity of the 
filler hBN, when the in-plane thermal conductivity of hBN is in the range of (100 – 1000) 
W/m·K, and the through-plane thermal conductivity of hBN is in the range (2 – 40) W/m·K 
[12]. Therefore, in our study, the values 300 W/m·K and 2 W/ m·K were used for the in-
plane (Kf,in) and through-plane (Kf,o) conductivities of h-BN, respectively. 

a is the diameter to thickness ratio of the hBN platelets (the inverse of p in the EMA 
model). 

f is volume fraction of filler (vol%) 
RBD is the interfacial thermal resistance between filler and polymer matrix. 
εp,x, εp,y, εp,z are position correction factors along the x, y and z axis (all are close to 1) 
εt,x, εt,y, εt,z are tilt angle correction factors (all are close to 1)  
In our study, all the correction factors (εp,x, εp,y, εp,z, εt,x, εt,y, εt,z) were set to 1 for sim-

plifying the calculations. 



 

 

α, β, γ are the tilt angle deviations of the hBN platelets in three directions; γ in the 
Sun model corresponds to 𝜃 in the Nan model. 

Kzz in the Sun model [12] corresponds to the through-plane conductivity of the Nan 
model above.  Eqs. S2-S4 were calculated with a Python code in our study. The conduc-
tivity Kzz in the thickness direction of the disc was calculated by averaging over the angles 
α and β, for a given γ value. Our calculations were validated by comparing with the data 
in Figures 7 and 10 in ref. [12]. The values were similar, except small difference at volume 
fractions above 60% in Figure 10b of ref. [12]. The reason for this is unclear. 

The Sun model generally predicts lower conductivities than the Nan model. For the 
cast specimens, the Sun model underestimates the conductivity for all three data points in 
the interval 20-40 vol% hBN, see Figure S15, but the model may give fair predictions for 
loadings up to 10 vol%. As for the Nan model, the experimental data has a larger curvature 
vs. filler loading (vol% hBN) than the model predictions. 

 
Figure S15. The Sun model (k_Sun) compared with the measured values for cast BN3/epoxy com-
posites (k_EXP_Cast). Parameters used in the model are Km = 0.14 W/m·K; Kf,in = 300 W/m·K and Kf,o 

= 2 W/m·K; a = 20; RBD = 0 m2W/K; and γ equal to 𝜃 given by ⟨𝑐𝑜𝑠 𝜃⟩ = 0, 0.4, 0.65, and 1 (0.4 and 
0.65 are the lower and upper limits of the experimental data obtained by XRD). 

S14. The Lewis-Nielsen Model 
The Lewis-Nielsen model for the thermal conductivity is given by Eq. S5 [13]:  

  𝑘 = 𝑘 1 + 𝑓𝐴𝜉1 − 𝑓𝜉𝜓  (S5a) 

 𝜉 = 𝑘 𝑘⁄ − 1𝑘 𝑘⁄ + 𝐴 
 

(S5b) 

 𝜓 = 1 + 𝑓 1 − 𝑓𝑓   

(S5c) 



 

 

Here 𝑓  is the particle volume fraction, 𝐴  is a particle geometry factor, 𝑓   is the 
maximum volume fraction (often 0.8-0.85 for platelets [13]). The geometry factor repre-
sents the effective particle shape in the direction in which the conductivity is measured. 
Hence, the average particle orientation is embedded in this geometry factor. The draw-
back of this model is that the geometry factor is mainly an empirical fitting parameter. 

In Figure S16, the Lewis-Nielsen model is compared to experimental data for injec-
tion moulded specimens. One set of model parameters (𝐴 and 𝑓 ) can not describe the 
experimental dataset, if 𝑓  is in the interval stated above. An increase in 𝐴 is with in-
creasing particle volume fraction is in line with the formation of conducting ʺchainsʺ of 
particles as discussed in the article. If a lower value of 𝑓  is used, the model gives a better 
fit to the experimental data, see Figure S17, but this has no physical basis. 

In Figure S18, the Lewis-Nielsen model is compared to experimental data for cast 
specimens. Note that a best fit yields almost the same 𝑓  as for the injection moulded 
specimens, but this is again unphysical and due to the overfitting to capture the last data 
point. The Lewis-Nielsen model can fit the overall non-linearity of the experimental data 
set with relevant 𝑓  values, but there are only four data points, and the three first data 
points probably follow a roughly linear trend, while the last point is higher than this trend 
due to the formation of ʺchainsʺ of platelets. 

 
Figure S16. The Lewis-Nielsen model (k_L-N) and experimental data for injection moulded speci-
mens of BN3/TPU (k_EXP_IM). Other parameters: 𝑘  = 0.22 W/m·K and 𝑘  = 300 W/m·K. 



 

 

 
Figure S17. The Lewis-Nielsen model (k_L-N) and experimental data for injection moulded speci-
mens of BN3/TPU (k_EXP_IM). Other parameters: 𝑘  = 0.22 W/m·K and 𝑘  = 300 W/m·K. 

 
Figure S18. The Lewis-Nielsen model (k_L-N) and experimental data for cast specimens of 
BN3/epoxy (k_EXP_Cast). Other parameters: 𝑘  = 0.14 W/m·K and 𝑘  = 300 W/m·K. 
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