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Abstract 

Three-dimensional graphene and hexagonal-boron nitride structures (3D-C and 3D-

BN) have recently attracted attention due to their enhanced mechanical, handling and 

surface area properties, while maintaining the well-reported properties of their two-

dimensional constituents. In this Thesis, we developed a new three-dimensional 

hexagonal-boron nitride carbon (3D-BNC) structures, a hybridized of the two, using 

chemical vapor deposition (CVD) of CH4/Ethanol and ammonia borane to further widen 

their application areas. Through the ability to specifically control the compositions of C 

and BN (demonstrated through Raman, X-ray photoelectron and energy dispersive X-

ray spectroscopy), a highly tunable electrical conductivity (0 – 0.6 Scm-1, measured 

using the Van-der-Pauw technique), controllable EMI shielding properties (0 – ~50 dB, 

measured through microwave network analyzer), while maintaining a high and stable 

thermal conductivity (0.84 – 1.2 Wm-1K-1, from laser flash measurements) is obtained.  

One of the key advantages of such 3D materials is for thermal management in 

electronics. The stable thermal conductivity, compressibility and temperature stability 

of the 3D-foams are ideal conditions to achieve improved thermal management 

performance. Through compression of the foams, a high cross-plane thermal 

conductivity of 62 – 86 Wm-1K-1, as well as excellent surface conformity is 

demonstrated. These values are among the highest cross-plane conductivities of 

freestanding graphene or h-BN structures, and in the same range of eutectic metal foils. 

Evaluation of the thermal extraction efficiency on a state-of-the-art 2.5D electronic 

platform along with state-of-the-art thermal interface materials (TIMs) reveals 3D-

foam’s improved performance of cooling by 20 – 30%, which means a temperature 

decrease by ΔT of 44 – 24°C. This is colder than any of the commercially available 

TIMs tested on the same platform (i.e. Sn/Au) and among the highest temperature 
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decrease of hot spots on actual chips reported so far (e.g. highest values for alternative 

heat spreaders currently under research range around ΔT ~ 13°C for CVD-graphene and 

ΔT ~ 20°C for exfoliated few-layer graphene). This is a significant decrease, since it is 

known that the decrease of hot spot temperature by 20°C extends the transistors lifetime 

by one order of magnitude. 

In addition, the interconnected structure of these 3D-foams is also ideal as filler 

material for insulative polymeric film to enhance its electrical and thermal behaviour as 

the 3D structure prevents inhomogeneous distribution and aggregation commonly faced 

when using typical nanofillers. To further unveil its potential, we investigate the 

enhancement in flexible electronics, space shielding materials and as well as thermo-

mechanical actuation in shape memory polymer (SMP). 

In flexible electronic, we incorporated 3D-C and 3D-BN with the currently state-of-

the-art flexible platform for flexible electronics, polyimide (PI), an improved thermal 

dissipation by 25-times (5 – 6 Wm-1K-1) is obtained, while preserving full flexibility and 

toughness of the PI. It is shown that these hybrid films can be directly used as printable 

substrates and can dissipate heat more efficiently from hot spots, which in turn allows 

increasing the maximum power applicable by at least 50%. In addition, by incorporating 

3D-C into PI, also the electrical conductivity is improved, which can be used for other 

applications, such as space shielding. In the current space shielding materials there is 

always a coating of conductive material to prevent the build-up of electrostatic charge, 

however, these are prone to cracks and failure.  Since the hybrid of 3D-C with PI has an 

electrical sheet resistance of 3 Ω/□, which fulfills the antistatic-criterion to dissipate the 

build-up of electrostatic charge, it is further developed and space-qualified according to 

European Space Standards, which requires to test its outgassing properties, as well as 

Gamma Ray, atomic oxygen (AO) and thermal cycling resistance. Through monitoring 
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electrical, weight and optical properties it is shown that it withstands and keeps a stable 

performance throughout various thermal cycles (from -100°C to +160°C), as well as the 

oxidative and aggressive environment of ground-based simulated space environments 

(Gamma ray doses equivalent to 15 years in geosynchronous equatorial orbit, and AO 

exposure equivalent to 8 months in low Earth orbit).  

Lastly, the utilization of 3D-fillers in SMP has also been demonstrated. SMPs, despite 

their easiness in shaping, ultra-light weight and customizability, are limited in their 

applicability for mechanical actuation, as they are prone to cracks (due to poor thermal 

conductivity resulting in large thermal gradients across the material leading to internal 

stress). To target this issue, 3D-BNC foams of varying concentrations are infused with 

SMPs. Thanks to the homogeneous distribution of the foam within the polymer, a 

uniform spread of heat is obtained, demonstrated in this work through thermal camera 

imaging, thus leading to an even transformation of shape. It is demonstrated that through 

this technique, bigger sample sizes are attainable (maximum sizes without 3D-foam 

infusion are 3 cm in length, while with the 3D-foam infusion up to 7 cm in length are 

demonstrated to transform without any cracking). It is shown that the 3D-foams speed 

up the transformation process by three times, reduce the required energy to initiate the 

transformation process by 20% and in addition, thanks to the tunability of electrical 

conductivity of 3D-BNC, a self-heating and timed actuation can be incorporated to the 

polymer. 
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Introduction 

Two-dimensional (2D) materials are materials typically comprised of one-atom-thick 

crystals with remarkable advantages over conventional bulk materials and very different 

properties from those encountered in their three-dimensional (3D) counterparts.1 The 

first and most prominent reported 2D material is graphene, which contrasting to bulk 

graphite is a zero-overlap semimetal, with excellent electron mobility and extremely 

high thermal conductivity.2-5 In the past decade, the family of these materials has grown 

to include metals (e.g. NbSe2)
6, semiconductors (e.g. MoS2, black phosphorous)7, 8, and 

insulators (e.g. hexagonal boron nitride h-BN)9. Nevertheless, these materials have 

limited themselves from advancing beyond microscopic electronic needs, due to their 

current available sizes and quality. Major challenges faced are achieving a defect-free 

growth which can yield controlled grain size in large area (beyond cm size) and 

controlling the number of layers and stacking order of the 2D films,10 since bilayer and 

multilayer 2D materials exhibit different properties compared to monolayer films.11 In 

addition, most of the reported growth parameters require metal foils as catalytic 

substrate, which in turn requires a transfer process that degrades the quality of the 

films.10 Furthermore, high production cost, health and safety concerns regarding 

potential toxicity also still have to be resolved prior to further commercialization.12 

While many are still continuing to strive towards perfecting the 2D crystal growth 

technique,13-16 recently (since 2011), there has been an upward trend of up-scaling these 

2D materials into freestanding 3D spaces (often also referred to as foam-like 

structures).17, 18 The basic principle of this technique is to use metal foam as catalytic 

substrate instead of metal foil, such that during growth, instead of growing into flat 

sheets, the 2D material adapts to the interconnected structure of the foam template. After 
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removing the template via chemical etching, the now freestanding 2D material remains 

stable in the foam-like interconnected configuration. This has become of great interest 

owing to the ultra-light weight (99.6% porosity, density of 1 – 5 mg cm-3), enhanced 

mechanical and surface area properties of the obtained structures while keeping their 

well-reported 2D-structural properties.19 For example, in the case of graphene, studies 

have shown that its 3D counterpart has comparable high thermal conductivity,20 high 

electrical conductivity,17 chemical and thermal stability and EMI shielding properties.21  

1.1 Motivation 

Thanks to this up scaling of atomically thin 2D materials into the 3D macroscale, new 

ways of integration into devices and applications have become possible.22, 23 The 3D-

foams also enable easier large-scale fabrication, since overall the control of defects, 

domain size and layer number has become less crucial, as the interconnected structure 

could compensate for any defects that may occur, (i.e. the phonon/electron transport 

mechanisms take place through multiple parallel paths within the interconnected foam). 

Thus far, the main characteristics exploited for application are the high surface area 

and the interconnection within the foam. The high surface area has been mainly used for 

battery and supercapacitor applications,24-27 since it enables a significant increase of 

stored energy; as well as for sensing and biological applications,28-31 as it increases the 

sensitivity and interaction-sites with gases, particles or cells. Due to the interconnected 

structure, the 3D-foams have also been praised to be superior fillers for polymers,32 

which can bypass the common issues encountered with other nano-filler materials such 

as agglomeration and high filling fractions.33  

These two (structural) characteristics alone have demonstrated to boost performance 

and efficiency within the few application fields implemented thus far. Nevertheless, no 
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work has looked into exploring and implementing other inherent advantages of the 

interconnected foam-like structure, or to use its interconnectivity more actively, such as 

for improved phonon and electron transport. For example, one very compelling 

advantage of 3D-foams is their compressibility, which would allow exploring a new 

range of applications that requires enhanced surface conformity. Furthermore, the foam-

like configuration is appealing for hybridization of different types of 2D materials, since 

on the large surface area available, several domains of different materials could be 

combined. This is especially interesting for integrating two (or more) completely 

opposed materials into one single platform, as this would enable exploring a new variety 

of tunable properties and could thus serve applications requiring specific fine-tuning of 

properties. In addition, replacing the empty free space pores within the structure with 

other matrices, besides standard polymers, would increase the versatility of the foams 

and increase their applicability.  

As can be seen, there is still a huge potential of unexplored characteristics, which 

potentially can be implemented to explore new applications, besides the ones reported 

up until now.  

1.2 Objectives and scope 

Overall, this Thesis will contribute to the community working in the field of up 

scaling 2D materials into the macroscopic realm with new insights by investigating new 

tunable foams, explore characteristics beyond the typically reported structural properties 

and demonstrate new application areas.  

This is done through creating a new up-scaled 2D material based on 3D-graphene 

(3D-C) and 3D-BN. Due to their intrinsic excellence in thermal conductivity, thermal 

and chemical stability, as well as their complimentary opposing behavior in electron 
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conductivity and electromagnetic properties,34-36 hybridization of these two 3D 

materials provides a full spectrum of tunable properties. This creates an extremely 

versatile material that is able to improve performance in various application areas, such 

as electronic packaging and thermal management. 

In order to further extend the bandwidth of 3D-foams, the integration into several 

matrices, thus far unexplored in literature, is developed, such as thermal conductive 

adhesives, solder, polyimide and shape memory polymer.  

Finally, a few proofs of concept applications in thermal management, flexible 

electronics and space shielding are demonstrated. This will proof the usefulness of the 

new characteristics of 3D-foams implemented herein and potentially demonstrate 

increased performance in the three application areas. 

The key objectives are summarized as follows: 

• To develop and optimize growth of 3D-C and its electrically opposite 3D-BN 

• Combine both into a hybridized foam (3D-BNC) to obtain tunable characteristics 

• Optimize properties and fine-tune the recipe to precisely control BN and C 

concentrations 

• Develop recipes for the integration of the foams into different matrices 

(adhesives, solder, polyimide, shape memory polymer)  

• Confirm quality and performance of these new hybrid films 

• Explore new applications areas in thermal management, flexible electronics and 

space shielding 

• Benchmark performance and assess the reliability of the materials following the 

standards required for each application field 



Chapter 1: Introduction 

5 

   

1.3 Major contributions of this Thesis 

In this Thesis, the first synthesis of novel 3D-BNC (which is a hybrid structure of 3D-

BN and 3D-C) is demonstrated by chemical vapor deposition (CVD) growth process 

and the ability to specifically control the compositions of C and BN. This opens up many 

new customizable options such as for electronics packaging and thermal interface 

materials (TIMs) as 3D-BNC offers a highly tunable electrical conductivity (0 – 0.6 

Scm-1), controllable EMI shielding properties (0 – ~50 dB), while maintaining a high 

and stable thermal conductivity (0.84 – 1.2 Wm-1K-1). In a next step, the integration of 

the 3D-foams into new matrix materials, such as adhesives, solders, polyimide and 

shape memory polymer is investigated. Finally, to demonstrate the versatility of the 3D-

foams, the following new application areas are investigated: 

1) Thermal management of electronics 

Thanks to the precise control of electrical conduction, the 3D-foams are shown to 

offer a closed solution for electrical packaging needs. Due to their intrinsically 

interconnected structure, the thermal transport behavior is superior to other comparable 

structures, reaching thermal conductivity values between 62 – 86 Wm-1K-1, (for 

comparison, graphene and h-BN paper only reach 1 – 5 Wm-1K-1), and does not require 

any supporting additional materials, since they are free standing. Due to their high 

thermal stability beyond 700°C, they are capable of withstanding the new high demands 

of IC packaging. The improved thermal conductivity is shown to help to efficiently 

extract the heat (20% colder than other commercial TIMs). Due to the interconnected 

structure, the heat is not spread along the area of the chip, but is directly extracted 

upwards into the heat sink. Higher surface conformity allows a nearly perfect interface 

without low conducting air gaps. 
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Through tailored chemical functionalization, adhesion can also be added to the 3D-

foams. This further improves the thermal heat extraction capability and renders a strong 

mechanical bond. In addition, a method to obtain more mechanically robust 3D-foams 

with preserved electrical and thermal properties is developed in order to also cater for 

larger gaps and harsh environment thermal application. For this, a new infiltration 

method with PDMS is developed, called the “hairy” method.  In a final step, the 

reliability and stability of all these materials is tested and evaluated to cater for the 

requirements imposed by electronic devices.  

2) Substrate for flexible electronics 

Polyimides (PIs) are known for their ease of fabrication and moldability, high thermal 

stability, high modulus of elasticity and tensile strength, which makes them currently 

the standard choice for substrate of flexible electronics. However, their poor thermal 

conductivity of 0.2 Wm-1K-1 has caused limitations to thermal management, which 

causes creation of hot spots even at low power inputs. Contrasting to current methods 

used to improve thermal conductivity of PI (by using high filling fractions of nano-

fillers), the use of 3D-foam fillers is shown to achieve a drastic 25-fold thermal 

conductivity improvement to 5 – 6 Wm-1K-1, with merely 0.3 vol% (0.35 wt%) filling 

fraction. This low filling also completely preserves the flexibility of the polymer. It is 

demonstrated that this new hybrid film can be directly used as a substrate for flexible 

electronics and yields an increase of applicable power input by at least 23%. 

3) Space Blanket application 

PIs are currently also the standard choice for space shielding as it renders high 

temperature and UV stability and toughness. However, its electrical insulating 

characteristic has caused limitations, such as spacecraft electrostatic charging. In order 
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to target this issue, the PI is hybridized with 3D-C. It is demonstrated that this composite 

renders the necessary electrical conductivity (increase by 10 orders of magnitude) to 

avoid electrostatic discharges and that it withstands and keeps a stable performance 

throughout various bending and thermal cycles, as well as the oxidative and aggressive 

environment of ground-based simulated space environment. In order to make the film 

readily applicable for space blanket application, it is space qualified according to 

European Space Standards, which include outgassing tests, atomic oxygen exposure, 

gamma ray exposure and thermal cycling from -100°C to +160°C.  

4) Thermo-mechanical application 

Shape memory polymers (SMPs) are a polymeric smart material that can register two 

or more temporary shapes and transform to one another through an external stimulus, 

such as heat. Due to its easiness in shaping, ultra-lightweight and customizability, SMPs 

have much potential in applications that require miniaturization and compacting, 

especially in aerospace industries. However, the major drawback for SMP is its poor 

thermal and electrical conductivity. As the transformation of shape is initiated by heat, 

the poor thermal conductivity of the material often leads to a large thermal gradient 

across the material and inhomogeneous distribution of heat. This results in non-uniform 

transformation of shapes and can even lead to cracks. Many have attempted to improve 

their thermal performance through the incorporation of filler based nanomaterials, such 

as metal nanoparticles, carbon nanotubes and graphene. However, the outcome is 

always ineffective as the spatial dispersion of fillers within the SMP is often 

inhomogeneous as these fillers tend to agglomerate and bundle with one another. As 

such, in this Thesis the 3D-foam fillers are demonstrated to be a good choice of filler 

for SMPs. It is shown that its networked structure helps to achieve a more efficient heat 

flow. It is demonstrated that the infusion of 3D-material into SMP can improve the 
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overall thermal conductivity by 3 times and successfully speed up the shape 

transformation of SMP without any cracking, shape memory loss and even reduce the 

energy required to trigger the transformation by 20%. In addition, the tunability of the 

3D-foams by using 3D-BNC of different concentrations renders the SMP a self-heating 

capability that can be timed, thus achieving a multi-step SMP behavior. 

1.4 Organization of this Thesis 

Chapter 1 provides the motivation and scope as well as the major contributions of this 

Thesis. Chapter 2 introduces the concept of foam-like materials, including their different 

fabrication techniques and applications. Chapter 3 presents the basic experimental setup 

and intrinsic properties of the 3D-foams studied in this Thesis. Chapter 4 summarizes 

the experimental procedures used for further tuning and optimization of the 3D-foams. 

Chapters 5 to 8 describe examples of applications explored during the course of this 

Thesis, ranging from thermal management of electronics to flexible substrate and space 

applications. Finally, Chapter 9 concludes with a summary of the work accomplished in 

this Thesis and recommendations for further research on related topics.  
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2 Literature Review 

In order to have a platform to easily integrate 2D nanomaterials into practical 

applications and devices on a larger scale, it is imperative to develop a new strategy to 

produce these materials on a sizeable scale. To grow these materials into a 3D macro 

porous structure has shown to be a viable approach, since it allows to tailor properties, 

create complex structures, with disregard of minor defects during growth.37 For 

graphene for example, this approach has demonstrated to achieve high flexibility, high 

electrical and thermal conductivity.17, 20, 21, 38, 39 CVD of graphene on open celled 

reticulated Ni foam is typically performed to synthesize these 3D-C structures.  

3D-BN is 3D-C’s atomically analogous but electrically opposite.2 It’s elemental 

constituent, h-BN domains, has an extremely high thermal conductivity (~1700 – 2000 

Wm-1K-1),40 high mechanical strength and hardness (breaking strength of 15.7 and 

elastic constant of 503 N m-1 ),41 chemical inertness and temperature stability of up to 

1000 °C,42 and a dielectric wide band gap of ~6 eV.43 BN-based ultralight materials 

appear to be promising for novel applications but remained challenging to fabricate thus 

far, which is why the uptake into third dimension could enable easier handling and 

integration of this material. 

2.1 Fabrication of 3D-materials 

Several different methods have been reported to obtain foam-like graphene and h-BN 

structures. The first classification for these fabrication methods is into the size of the 

pores they yield.27 They can be classified either as micro- and meso-porous or macro-

porous. The IUPAC (International Union of Pure and Applied Chemistry) defines this 

based on the pores’ diameter, in which “micro-pores” are defined as pores smaller than 
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2 nm in diameter, “macro-pores” as larger than 50 nm, and “meso-pores” are pores with 

diameters in between those two values.44 The focus of this work is on macro-porous size. 

This group can be further subdivided into template-type used for fabrication: 

2.1.1 Template free 

The most common functional groups appearing on the surface of graphene are O-

containing groups. These can lead to very useful graphene-like structures (i.e. 

“graphene-derivatives”), such as GO (graphene oxide) and RGO (reduced graphene 

oxide). The O-groups on these structures can offer active binding sites for inorganic 

nanoparticles. These sites in turn can provide linkage points for other graphene sheets 

and lead to the buildup of macro-porous structures. This processes is known as self-

assembly.45 Besides GO and RGO, recently tannic acid was also reported to induce self-

assembly of 3D-C.46 Commonly, self-assembly is followed by chemical reduction to 

remove the oxide from the GO.47 Alternatively, a combination of self-assembly and 

chemical reduction can also yield 3D-C; it was found that gel-like structures with 3D 

macro-porous features could be obtained via direct chemical reduction of GO in water 

with a variety of different reducing agents, (e.g. vitamin C, sodium hydrogen sulfite, 

hydrogen iodide, sodium sulfide,).48, 49 A green alternative of such a reduction process 

was proposed with the use of glutathione.50 Another alternative for a two-step reduction 

process for 3D-C was reported with L-ascorbic acid and hydrazine hydrate.51 

Two other ways to obtain template-free 3D-C are the in-situ polymerization of 

organic monomers with graphene sheets,52, 53 and filtration through a membrane filter. 

Such a filtration process can yield graphene membranes (“paper-like” or “foil-like” 

graphene), which in turn can be used as building blocks for 3D-C papers.54, 55  
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Another very common technique reported is solution processing: through creating air 

bubbles within a GO solution, layers of GO sheets settle around the bubbles due to the 

presence of the gas–liquid interface, which is followed by a solidification process and 

high temperature annealing.56, 57 Similarly, such processes were reported for 3D-BN 

structures, where B2O3 and h-BN powder were mixed in acetone, dried and subsequently 

sintered at 1000°C.58, 59 Similar to the principle used in the solution processing, gas-

foaming process with h-BN ceramic material can yield 3D-BN foams as well. For this, 

BN precursor gases are mixed and held under high pressure at 1200°C for 2 hr.60 In 

another report, polyborazine was used instead for the foaming.61 

Finally, a technique getting more popular is the use of natural resources, whereby the 

natural resource is completely converted into 3D-C without remainders, and is thus 

grouped under the substrate-less techniques. Some examples are sugar, bread and CO2. 

Blowing sugar results in the complete conversion into a 3D-C network, which the 

authors called “strutted graphene (SG)”.62 Similarly to the use of sugar, the use of flour 

has been proposed for the preparation of 3D-C, whereby yeast and flour are mixed and 

slowly kneaded until cohered to a paste, followed by fermentation to form the porous 

structures, drying and finally, carbonization of the bread.63 A recent report has also 

shown the possibility of directly converting CO2 into a 3D-C structure by mixing liquid 

Na and CO2 under high pressure for 24 h at 600°C.64 

2.1.2 Soft template 

In a typical soft-template approach, amphiphilic molecules (a chemical compound 

possessing both hydrophilic and lipophilic properties) and graphene are mixed together 

in aqueous solution to form 3D hydrogels. Once the water is removed (typically through 

freeze-drying), the result is a sponge-like structure with highly cross-linked graphene 
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sheets (denominated as “aerogel”).65 Other structures frequently used to build 3D-C are 

biomolecules (e.g.  DNA,66 hemoglobin (Hb),67 and vitamin C68), since they offer 

multiple functional groups on their surface which can chemically interact with graphene 

sheets through a variety of modes, such as hydrogen bonding, π–π and ionic forces. 

Another soft template reported is the use of soft metal monoliths; 3D-C was obtained 

from a dextran/metal salt gel (Co, Ni, Cu, Fe). After annealing the gel, a metal oxide 

foam is obtained, which afterwards can be used for CVD with CH4.
69 

2.1.3 Hard template 

For hard-templates, the basic principle is to deposit graphene layers on either 

inorganic or organic particles or to in-situ grow graphene on metallic porous sacrificial 

layers, with subsequent complete removal of the template. The major classes of hard 

templates reported are metal foams and metal powder. For the former one, the most 

common sacrificial template used is Ni foam and the most common deposition technique 

is CVD, with ethanol or CH4 as the most common carbon sources,17, 31, 39, 70 which is 

also applicable for 3D-BN with sublimation of a powder as precursor.18, 71 A recent 

report also showed the possibility of using Ni foams obtained through electro-less 

plating as hard template in CVD for 3D-C.72 Alternatively, metal foams can also be 

obtained from powder metallurgy (i.e. hybrid metal powders are pressed into pellets and 

then heat treated).73 Recently, 3D-C was also reported to be fabricated on Ni foam via 

radio frequency magnetron sputtering at low temperature.74 For metal powder, a similar 

principle takes place, but the powder is first pressed/sintered into pellets and then used 

to grow on using CVD. The obtained structures are of smaller diameter pores.75, 76  

Similar to the metal version, also microspheres of polymers (e.g. polystyrene and 

polymethyl methacrylate, PMMA) can be used as hard templates.77, 78 Such a method 
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was also reported to obtain 3D-BN, whereby precursor powder was infiltrated in 

solution inside highly porous polymers. Pyrolysis under an ammonia atmosphere at 

1150°C for 90 minutes was then performed afterwards.79 

Besides CVD, electro deposition is another alternative that can be used to fabricate 

3D-C on the abovementioned hard templates. The charged nature of graphene 

derivatives (such as GO) makes them also alterable through electric fields, and thus 

electro deposition is another technique that can be used with macroporous hard 

templates.80, 81  

Finally, rapid freezing of amphiphilic polymers (e.g. PVA, chitosan) in water is 

another technique used to obtain 3D-C.82-84 In such a process, the mixture of ice crystals 

with amphiphilic polymers are considered hard templates.85 

2.1.4 Comparison of methodologies 

Table 2-1 summarizes all abovementioned fabrication methods of 3D-foams and 

enlists advantages and disadvantages of each. It must be noted that, even though all these 

structures are labeled as macro-porous “3D-foams”, there are inherent differences 

between each of them. The main difference relies in the type of interface between single 

domains. Most structures are composed of single 2D material domains merely 

stitching/gluing next to each other, without a strong chemical bond, frozen into a 3D 

build up. Such structures are often also denominated as “aerogels” in literature. This 

work on the contrary will focus on structures that are built up by a covalent assembly of 

single domains, which compose a continuous structure (“true 3D-foams”), since such a 

strong chemical bond between domains will provide a better performance in terms of 

phonon and electron transport. In Table 2-1 the techniques yielding such “true 3D-foams” 

are marked with an *.  



Chapter 2: Literature Review 

14 

   

Table 2-1. Comparative chart of fabrication methods of macroporous 3D-foam 

 Method Advantages Disadvantages Ref. 

T
em

p
la

te
-l

e
ss

 

Self-assembly Simple process, that usually can be 

carried out at room temperature 

Often leaves dangling oxidized 

functional groups; residues of 

inorganic nanoparticles within 3D-

structure 

45-47 

Chemical reduction Has potential to be a green method Requires multiple steps in solution 
48-51 

Polymerization Usually non-toxic organic 

monomers; does not require 

addition of other reactants 

Residue of organic monomers within 

3D-structure 

52, 53 

Filtration Simple process, carried out at room 

temperature without complicated 

chemical reactions 

Does not directly yield 3D-structure, 

requires post-processing 

54, 55 

Solution processing Easy to implement for both, 3D-C 

and 3D-BN 

Requires 3 steps (gassing, 

solidification, high temperature 

annealing) 

56-59  

Gas-foaming Easy to implement for both, 3D-C 

and 3D-BN 

Requires high pressure and high 

temperature annealing 

60, 61 

Natural resources* Very green, especially if CO2 is 

used as carbon source 

Requires high temperature (sometimes 

also high pressure); only applicable to 

3D-C structures 

62-64 

S
o

ft
 t

em
p

la
te

 

Hydrogels Simple process, that usually can be 

carried out at room temperature 

Residues of amphiphilic molecules 

within 3D-structure 

65 

Biomolecules Use of non-toxic chemicals Only applicable to 3D-C 66-68 

Soft metal monoliths* Easy to implement for both, 3D-C 

and 3D-BN 

Requires a second step (CVD) 69 

H
ar

d
 t

em
p

la
te

 

Metal foams* Easy to implement for both, 3D-C 

and 3D-BN; precise control of 

growth parameters and morphology; 

process can be adapted to a low 

temperature deposition 

Requires high temperature (at times 

also pressure); removal of template 

required via chemical etching 

17, 31, 

39, 70-74 

Metal powder* Easy to implement for both, 3D-C 

and 3D-BN; precise control of 

growth parameters and morphology 

Requires a pre-step (pressing/sintering 

of powder); requires high temperature 

(at times also pressure); removal of 

template required via chemical etching 

75, 76 

Polymers Easy to implement for both, 3D-C 

and 3D-BN 

Requires high-temperature 77-79 

Freezing Non-toxic and simple process Residues of amphiphilic molecules 

within 3D-structure 

82-85 

 

Among the marked techniques, differentiation must still be made based on the degree 

of control of the final structure during fabrication and the quality of the 2D material in 

the final structure. For this work, a high control over the outcome is preferred, which 

can be obtained through the use of metal foams and to some extent also by natural 

resources. Nevertheless, since the use of natural resources is mainly based on “burning” 
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the source into carbon, its final quality is difficult to control and might yield 

carbonaceous structures that are not pristine graphene. For the following review of 

applications, only controlled “true 3D-foam” structures will be considered.  

2.2 Common applications 

As mentioned in Chapter 1, thus far the main focus in literature is to use the large 

surface area of 3D-foams to increase energy output of electrochemical energy storage 

and conversion devices, as well as to increase the sensitivity of sensors. A brief overview 

of typical applications reported thus far is given below: 

2.2.1 Energy applications 

The majority of scientific publications using 3D-C structures for application focus on 

research of electrode materials for supercapacitors31, 39, 62, 86-88 and lithium ion 

batteries.86-88 This is due to the highly open porous structure of the 3D-foam that allows 

easy flow of electrolytes with a drastic increase in surface area, which in turn offers a 

higher storage capacity. 

High surface area combined with the good surface hydrophilicity, and well-defined 

porosity of 3D-C has also driven research towards counter electrodes in solar cells (and 

especially in dye-sensitized solar cells, DSSC). 3D-C in this case helps to enhance 

electrolyte–electrode interaction and electrolyte–reactant diffusion which in turn 

increases performance of such devices.89-94 

There have been several review papers focusing on 3D-C research for these energy 

applications.24, 95 
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2.2.2 Sensing applications 

The increase in surface area also renders an increased active area for sensing 

applications, which in turn leads to higher sensitivity and faster response time. Some 

examples highlighting the drastic increase of sensitivity are the reports on gas detection 

by Yavari et al.28, Glucose detection by Dong et al.31 and carcinoembryonic antigen 

sensing by Liu et al.96 

When reinforcing the porous high surface area structure of 3D-C with polymer, an 

electrically conductive film is obtained with very high sensitivity to mechanical changes. 

This has driven a lot of research into mechanical sensing of pressure and strain with 3D-

C films.97-102 

2.2.3 Environmental applications 

The high surface area and porosity of 3D-foams is also vastly being used for 

environmental applications, which include absorption and separation of pollutants from 

water. Thanks to the high porosity, the water can freely flow through the foams; the 

hydrophobic surface of 3D-C/3D-BN attracts contaminants (such as dyes50, 103 and other 

pollutants58, 60). This has been extensively reviewed by Shen et al.104 

2.3 3D-C and 3D-BN in thermal applications 

Since the selection of 3D-foam fabrication has been narrowed down in the previous 

section to those with covalent bonding only, the obtained freestanding 3D-C and 3D-

BN structures provide a superior thermal transport path in both the vertical and 

horizontal plane. The following section provides an overview of recent work published 

exploring these structures in terms of thermal applications: 
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For 3D-C, Pettes et al.20 reported thermal conductivity values at room-temperature 

depending on growth time and etchant used. The values ranged between 0.26 and 1.7 

Wm-1K-1. This work showed the benefit of the continuous 3D-C structures that achieve 

elimination of internal contact thermal resistance. Zhang et al.105 reported a very low 

thermal contact resistance of 3D-C, via testing it in a sandwich structure between two 

Cu blocks (between Si and Al). At maximum compression, the values obtained are of 

0.07 cm2KW-1 (0.04 ± 0.02 cm2KW-1). Sun et al.106 measured the temperature 

dependence of 3D-C and revealed that the thermal conductivity ranges from 0.3 Wm-

1K-1 to 1.5 Wm-1K-1 depending on the temperature, whereby the higher value is obtained 

at 440 K, the lower at 310 K. Hu et al.107 revealed the efficient flame-retardant properties 

of 3D-C, which are able to outperform traditional flame retardant materials, such as 

polymers, metallic oxide, and metal hydroxide. Ahn et al.108 revealed a new boiling heat 

transfer phenomenon, by assembling 3D-C-like structures on a heater. With such an 

assembly it is possible to avoid the sudden increase of wall temperature experienced at 

critical heat fluxes. And finally, Thiyagarajan et al.109 proposed 3D-C as a potential 

candidate for thermoelectric application. Through optimization of thermal conductivity 

(to reach lower values) and electrical conductivity (to reach higher values), they were 

able to show efficient thermoelectric performance.  

3D-BN was proposed by Cao et al.61 to be used for high-temperature radomes and 

thermal insulation. 

There are also some reports on the intermixing of 3D-foam structure with an external 

matrix for thermal applications: 3D-C was mixed with polymer (i.e. 

polydimethylsiloxane, PDMS) to improve their thermal conductivity; Zhao et al.110 

achieved a 300% increase of thermal conductivity (0.56 Wm-1K-1) with a loading of 0.7 

wt%, Liu et al.111 reached 1.52 Wm-1K-1 with a 5 wt% loading and Zhao et al.112 reported 
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a 440% increase in thermal conductivity (1.08 Wm-1K-1) with a combination of 0.2 vol% 

3D-C with 2.7 vol% multilayer graphene flakes. In a recent work, Zhao et al.113 

measured the thermal resistance of 3D-C/PDMS composites using the laser flash 

method and obtained 14 mm2KW-1, which is only 19% of the value of commercial filled 

epoxy TIM. Another type of matrix was used by Zhou et al.38 who infused 3D-C in 

ceramic for heat transfer and thermal energy storage. A thermal conductivity of 8.28 

Wm-1K-1 was reported in this work for the 3D-C/ceramic compound. Finally, another 

common matrix for 3D-C fillers are phase change materials (PCMs). PCMs are 

considered an efficient heat storage, whereby through phase change from solid to liquid, 

or vice versa, heat is absorbed and released. Fedden et al.114 used 3D-C inside the PCM 

to increase its thermal conductivity in order to improve the transport of heat within the 

material, Yang et al.115 infused hybrid graphene aerogels (consisting of 0.45 wt% 

graphene oxide and 1.8 wt% graphene nanoplatelets) and obtained an improvement of 

361% of thermal conductivity (1.43 Wm-1K-1), Yang et al.116 used graphene 

nanoplatelets to create 3D-C, which they infused with PCM and obtained a 463% 

increase in thermal conductivity (1.35 Wm-1K-1), and finally, Zhang et al.117 created a 

3D-C/PCM composite for solar thermal conversion and for thermal energy storage. The 

3D-C within the PCM helps to enable the solar-thermal conversion, increase thermal 

conductivity and to render the structure form stability. 

The surfaces of a foam-like mixture of boron–carbon–nitrogen were reported by Paul 

et al.118 for thermal physisorption applications, which could be used for heat pumping 

and thermal storage. Depending on the achieved crystallinity of the compound, the 

thermal stability and thermal conductivity can be tuned.  
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3 Development of foams and basic intrinsic properties 

3.1 Introduction 

In this Thesis, metal foam templates (i.e. Ni and Cu) are chosen as sacrificial 

templates for fabrication since they allow full control over the final structure of the 3D-

foams (i.e. thickness, pore distribution and pore size). Additionally, these metals are the 

common metals for 2D CVD growth of graphene and h-BN and their growth 

mechanisms have been well studied and optimized to obtain high quality films.  

This chapter describes the recipes developed to obtain the 3D-foams (3D-C, 3D-BN 

and 3D-BNC), along with an assessment of their morphology, chemical composition 

and their intrinsic properties.  

3.2 Experimental setup 

 

Figure 3-1. Process flow of the required three steps to obtain 3D-foams 

 

To obtain the 3D-foams, a three-step process is required, which involves (1) the CVD 

growth of the 3D-material on a metallic sacrificial layer, (2) etching of this sacrificial 

template and (3) post-annealing (Figure 3-1). For each of the 3D-foams, a slightly 

different CVD recipe is required. Details on the recipes used are as follows: 
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3.2.1 Growth of 3D-C 

Growth of 3D-C is carried out in a split tube furnace using Ni foam (Latech Scientific 

Supply Pte. Ltd.) as a catalytic substrate; the setup within the furnace is schematized in 

Figure 3-2. Prior to the growth process, the Ni foam is annealed for 5 min at 1000°C in 

ambient pressure, under a mixture of Ar and H2 flow (200:50 sccm), to remove any 

potential contaminants and oxides. Subsequently, either ethanol or CH4 is lead into the 

tube to start the deposition. In the case of ethanol, the Ar and H2 mixture (2000:50 sccm) 

is redirected to an ethanol bubbler, which will create bubbling of ethanol and transport 

it towards the growth area. 10 min are sufficient to obtain full coverage of the Ni foam. 

For the case of CH4, a flow of 10 sccm is added to the mixture of Ar and H2 (200:50 

sccm) for 10 min for complete coverage of graphene. After growth, the lid of the furnace 

is lifted for fast cooling. The cooling time will depend on the type and size of furnace 

used, but usually takes 30 min.  

 
Figure 3-2. Schematic of 3D-C growth setup 

 

3.2.2 Growth of 3D-BN 

Growth of 3D-BN is carried out similarly to 3D-C in a split tube furnace using Ni 

foam as a catalytic substrate. Instead of a gaseous precursor for growth, sublimation of 

a precursor powder is required, as well as a constant connection to a pump. Figure 3-3 

shows the different setup within the furnace, whereby the precursor powder borazane 

(NH3-BH3) is placed in a separate alumina container within the same tube, but away 



Chapter 3: Development of foams and basic intrinsic properties 

21 

   

from the heating area of the furnace. Prior to the growth process, the Ni foam is annealed 

for 2 hr at 1000°C in 50 Pa of H2. Subsequently, the growth is started by wrapping an 

external heating source of 100 – 120ºC around the tube area where the powder is located, 

which will immediately start the sublimation of borazane. For a 10 cm x 2 cm sample 

ca. 0.5 g of powder are required. During growth, the flow rate of H2 is adjusted according 

to the suction power of the pump and must maintain a pressure of 60 Pa. 1 hr is sufficient 

to obtain full coverage of the Ni foam. Also in this case, after growth, the lid of the 

furnace is lifted for fast cooling. 

 

Figure 3-3. Schematic of 3D-BN growth setup 
 

3.2.3 Growth of 3D-BNC 

The synthesis of 3D-BNC is done similarly, following the same procedures as for 

pure 3D-C/BN via a two-step process, whereby the growth of BN is carried out first, 

quenched at the required %-coverage and then immediately followed by the growth of 

C using ethanol. This allows to achieve good controllability of C:BN composition.119 

3.2.4 Post-growth etching and annealing 

Once the growth of the material is finalized and the furnace reached a temperature 

below 180ºC, the as-grown 3D-material/Ni sample can be taken out. To proceed with 

the removal of the Ni foam, the samples are first coated with PMMA to protect the 3D-

material layers. After the PMMA has been cured, the sample is then immersed into 

hydrochloric acid (HCl) of a concentration of 3M at 80ºC until the Ni is completely 
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etched away. This will take around 5 hr which was determined via XPS and EDX, which 

showed no trace of Ni in their survey spectra. The obtained structure is a free-standing 

3D-foam coated in PMMA. Finally, to remove the PMMA, the sample is annealed under 

ambient pressure in Ar and H2 mixture (2000:50 sccm) at 700ºC for 1 hr. After this, the 

obtained pure 3D-material structure remains stable without collapsing. Figure 3-4 

schematizes the step-wise post-growth procedure. 

 
Figure 3-4. Schematic of post-growth experimental setup 

3.2.5 Standard characterization techniques 

3.2.5.1 For optical imaging 

Scanning electron microscopy, SEM (LEO 1550 Gemini and JEOL JSM 5600LV at 

15 keV) is used to investigate the morphology of the 3D-foam structure.  

Transmission electron microscopy, TEM (Tecnai F20) is used to investigate the 

structure in the nm-regime and determine the number of layers. For this, carbon coated 

Cu grids were prepared by dispersion. 

3.2.5.2 For compositional analysis and structural analysis 

Energy dispersive X-ray spectroscopy, EDX (Oxford Instruments INCA x-act 

integrated with JEOL JSM 5600LV at 15 keV) is used to determine and map the 

elemental composition of the 3D-foams.  
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Raman spectroscopy (WITec CRM200 Raman with an Nd:YAG 532 nm laser as 

excitation source) is performed at room temperature to determine the crystalline 

configuration of the 3D-foams. 

Surface analysis of the samples is carried out using VG ESCALab 220i-XL Imaging 

X-ray photoelectron spectroscopy, XPS (last calibration in Sep 2014). Monochromatic 

Al Ka X-ray (hν = 1486.7eV) was employed for analysis with a photoelectron take-off 

angle of 90° with respect to the surface plane. The maximum analysis depth lay in the 

range of 4 – 8 nm. Survey spectra are acquired for elemental identification while high-

resolution spectra are acquired for chemical state identification and surface composition 

calculation. The charge correction is based on C 1s in sp2 C=C carbon at 284.5 eV. For 

chemical state analysis, a spectral deconvolution is performed by a curve-fitting 

procedure based on Lorentzians broadened by Gaussian using the manufacturer’s 

standard software. The error of binding energy is estimated to be within ±0.2eV.  

3.2.5.3 Thermal measurement 

 Thermal conductivity measurements are performed through the laser flash technique 

(NETZSCH LFA 467 HyperFlash and LINSEIS XFA 500).120 The basic principle is 

depicted in Figure 3-5: a short laser pulse is sent through the bottom side of the free-

standing sample and on its top side, an IR-detector records the temperature rise caused 

by the laser.  

 
Figure 3-5. Schematic of the laser flash method for thermal conductivity measurement 

 



Chapter 3: Development of foams and basic intrinsic properties 

24 

   

With the relation of temperature rise and time, the thermal diffusivity a (mm2s-1) can 

be extracted using the empirical formula 120  

𝛼(𝑇) = 0.1388 
𝑑2

𝑡1/2
         (3-1) 

with d (cm) thickness of the sample and t1/2 (s) the time to the half of maximum 

temperature rise. The thermal diffusivity in turn can be used to calculate the thermal 

conductivity κ (W m-1K-1) by using 120 

𝜶(𝑻) =
𝜿(𝑻)

𝒄𝒑(𝑻)∙𝝆
         (3-2) 

with cp (kJ kg-1K-1) specific heat and ρ (kg m-3) density of the sample. The thermal 

conductivity is in cross-plane, meaning that it goes through the thickness-direction of 

the film. 

 
Figure 3-6. UV-vis spectroscopy results for transmittance of 3D-foam 

 

For the use of the laser flash technique on porous materials (i.e. to verify the validity 

of Formula 3-1 for such structures), it must be ensured that the laser penetration depth 

remains much smaller than the total thickness of the sample (i.e. thickness of sample >> 

optical penetration depth of laser). In order to verify this, direct measurements of the 

transmission of the sample were conducted. Since the LINSEIS XFA 500 laser flash 

uses a Xenon lamp as shot source, which covers almost the complete wavelength range 

from visible to invisible, in the following, the complete range from 200 nm to ca. 1000 
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nm is considered. Transmission measurement of an uncompressed 3D-foam of same 

thickness and ppi as used for the laser flash measurement was performed via UV-vis 

spectroscopy (Shiimadzu UV-2450 Spectrophotometer). The measurement was 

repeated on several different spots, all obtained curves displayed the same behaviour. A 

representative curve is shown in Figure 3-6. It can be seen that the 3D-foam has a 

negligible transmittance of 1.3%, thus there is no through-hole light transmission. This 

makes it clear that no light passes through the samples, i.e. the penetration depth remains 

much lower than the sample thickness. 

3.2.5.4 Electrical measurement 

Electrical conductivity was measured on a four-probe Karl SUSS 200 Micro-Prober 

by using the Van-der-Pauw (VdP) method. This method is applicable to structures with 

irregular geometry.121 The measurement is based on the induction of current along one 

edge of the sample, while on its opposite side the voltage is measured, and this is 

repeated 4 times with alternating positioning of current and voltage measurement 

(Figure 3-7).  

 
Figure 3-7. Schematic of the modes of the 4-point Van-der-Pauw method for measuring 

electrical resistivity 

 

3.2.5.5 EMI SE measurement 

EMI SE was measured in the range of 10 MHz (μ-Processor) to 18 GHz (X-band) 

using an Agilent N5230A PNA-L microwave network analyzer which is calibrated 

using the TRL (Thru, Reflect, Line) calibration method. 
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3.3 Obtained structures 

3.3.1 Morphology 

 

Figure 3-8. (a) Images of 3D-BNC with different BN:C ratios after the removal of Ni 

foam and PMMA; (b) demonstration of the flexibility of the freestanding 3D-BNC 

structure; (c) top view SEM image of the foam-like architecture; (d-e) TEM images of 

3D-BN and 3D-C, respectively, to show their layered structure 
 

Figure 3-8a shows the obtained free-standing 3D-BNC (i.e. after removal of Ni and 

PMMA) at different C:BN concentrations. Pure 3D-BN is seen to be white in color while 

pure 3D-C is seen as black. A distinct transition can be seen on the 3D-BNC as the C:BN 

concentration varies. A higher concentration of C in the 3D-BNC will result in a denser 

distribution of darker patches and vice versa. The obtained freestanding lightweight 3D-

BNC composite also displays flexibility as seen in Figure 3-8b. The highly porous 3D-

BNC network duplicates the structure of the Ni foam templates, which is interconnected 

throughout the configuration. The SEM image in Figure 3-8c shows the top-view of the 

3D architecture. It is observed that the pores are distributed homogenously within the 

structure and have a mean diameter of ≈250 μm. This highly porous structure allows the 

BNC hybrid foam to achieve ultra-low density (≈1 to 5 mg cm−3) and ultra-light weight 

while retaining its structural integrity with flexural toughness. TEM images in Figure 
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3-8d and e show the edges of graphene foam and h-BN foam, respectively and the 

layering structure can be clearly seen. The number of layers shown in these TEM images 

are representative of the typical samples used for applications tested in this Thesis. The 

number of layers can be controlled from very few layers up to 30 layers, depending on 

precursor gas flow rate and growth time. Some examples of such control are shown in 

Figure 3-9. 

 

Figure 3-9. TEM images demonstrating sample structures of 3D-foam with tailored 

layer numbers. The total amount of layers of graphene or h-BN can be tailored during 

the growth by adjusting the precursor gas flow rate and growth time 
 

3.3.2 Nature of composition 

Figure 3-10 shows the proposed growth mechanism and the formation of 3D-BNC. 

The Ni foam is represented as a 3D porous cube which is built up by stacked sheets of 

porous Ni. The growth mechanism is illustrated as follows: BN growth is first initiated 

on the Ni foam as borazane is sublimed at 120°C producing aminoborane (NH2BH2) 

and borazine (B3H6N3). The BN precursor diffuses into the Ni and nucleation occurs on 

the Ni surface. Subsequently, random patches of multi-layer h-BN were obtained as the 

neighboring BN domains coalesce together. However, the BN growth is quenched 

prematurely before a continuous layer of BN is formed throughout the Ni foam, leading  



Chapter 3: Development of foams and basic intrinsic properties 

28 

   

 

Figure 3-10. Schematic of the 2-stage synthesis process of 3D-BNC: first, patches of h-

BN are grown on Ni foam with CVD process. Second, graphene is grown on the empty 

patches of the uncovered Ni foam, with some etches overlapping the BN patches and 

forming the stacking/overlapping junctions 

 

to partial coverage of 3D-BN. The process of obtaining partial coverage 3D-BN patch 

is similar to its 2D counterpart, in which, various parameters that could control the 

growth have already been well studied.122-124 Typically, BN growth takes ≈60 min to 

cover the Ni foam completely. After BN growth is terminated, ethanol is introduced into 

the quartz tube for C growth. The graphene domains nucleate and grow over the 

uncovered Ni regions continuously and attaching or overlapping with the existing BN, 

forming hybridized BNC layers which cover the entire Ni template. 

\  
Figure 3-11. EDX result of the 1st step of 3D BN-C synthesis (growth of 3D-BN) at 

different growth times. The mapping (green and red correspond to B and N) shows the 

obtained h-BN coverage of each sample, from left to right a. 0%, b. 25%, c. 50%, d. 75% 

and e. 100% respectively. The evolution of the BN clusters supports the proposed 

mechanism of patches. The patches increase gradually and cover the entire Ni scaffold 

as time increases 
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Figure 3-12. EDX mapping of the 2nd step of 3D BN-C synthesis, with (a) 25% C (red) 

on 50% BN and (b) 50% C (red) on 50% BN. This shows that 3D-C grows on exposed 

Ni surface and forms patches. The coverage of C on Ni scaffold gradually increases 

when growth time is increased 

 

This is similar to the synthesis of patched and stacked graphene and h-BN 2D structure 

reported recently.125 (The EDX mapping of the growth process of 3D-BNC at different 

stages is shown in Figure 3-11 and Figure 3-12). In this way, it is possible to effectively 

control the composition of C:BN by varying the growth time in sequence (Table 3-1). 

Table 3-1. Growth time – concentration relation for the synthesis of 3D-BNC 

Time Bubbler  

[min] 

Concentration 

%C 

Time Precursor 
[min] 

Concentration 
%BN 

10 100 0 0 

9 90 4 10 

8 75 10 25 

6 50 23 50 

3.5 25 38 75 

3 20 42 80 

0 0 60 100 

 

To have a better understanding of the distribution for the C- and BN-domains on the 

as-grown BNC hybrid foam, EDX spectroscopy and mapping was carried out. Figure 

3-13a–c presents the SEM images with integrated EDX mapping of the three obtained 

BN:C concentrations (25:75, 50:50 and 75:25), respectively. The K shell emission line 

for carbon peaks (0.22 keV) is mapped in red, nitrogen peaks (0.392 keV) in blue and 
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boron peaks (0.183 keV) in green. It is observed that clusters of C, N and B are 

distributed randomly, yet evenly across the entire 3D architecture, corresponding to the 

photographs in Figure 3-8b. The corresponding EDX spectra of different concentration 

of C:BN are plotted in Figure 3-13d–f, and the B/C/N wt% distribution are listed in the 

inset of each plot. 

 

Figure 3-13. (a–c) EDX mapping of 3D-BNC with different BN:C ratio (25:75, 50:50 

and 75:25), with red (color) corresponds to carbon, blue (color) to nitrogen and green 

(color) to boron-peaks; (d-f) are the respective K shell emission line plots where boron 

K emission line is at 0.183 keV, carbon at 0.277 keV and nitrogen at 0.392 keV. Insets 

are the estimated content (%) of the elements B, C and N 

 

To determine the crystalline configuration of the as-grown BNC, Raman 

spectroscopy was used. Figure 3-14a shows the Raman spectra of BNC-foam for 

different concentrations, comparing them with a spectrum of pure 3D-C sample (top 

curve). It is observed that the absence of D peak in the pure 3D-C sample indicates the 

presence of high quality pristine graphene. The second-order Raman band (2D band) 

can be used to estimate the number of layers of CVD-grown graphene according to its 

relative intensity with respect to the G band (I2D/IG).126 The intensity of the G band is 

about 4 times higher than the intensity of the 2D band (I2D/IG ≈0.25), indicating multi-
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layer graphene.127 The Raman spectra for 3D-BNC with different compositions show 

three distinct peaks corresponding to D, G and 2D band of graphene, respectively.126 

The evolution of D peak at ≈1360 cm−1 arises with increasing BN concentrations due to 

a combination of the E2g phonon mode of h-BN ≈1370 cm−1 and defect peak of graphene 

(D peak ≈1350 cm−1).128, 129  This suggests stacked structures of BN and C layers, where 

Raman peaks are originated independently from BN and graphene, respectively. 

Furthermore, a shoulder at the G peak, which is another disorder induced band (D′ peak 

≈1620 cm−1) is observed when BN concentration is increased to 50%. This further 

confirms the in-plane stitching of BN and C domains. 130, 131  

 

Figure 3-14. (a) Raman signal of 3D-BNC of different BN:C ratio. The peak at 1360 

cm−1 is contributed by h-BN 128 and D peak from disordered graphene. The other two 

peaks at 1580 cm−1 and 2700 cm−1 are the signature G and 2D peaks from graphene, 

respectively 126; (b–d) XPS result of the bonding nature in 3D-BNC. The core levels of 

B, N and C 1s are displayed respectively 

 

The nature of the chemical bonding structure of the 3D-BNC was analyzed with XPS 

and the spectrum of B, C and N are shown in Figure 3-14b-d. The position of the spectra 

of all three elements are very similar to the previously reported XPS studies for 2D 

BNC.130 The main peak of the B 1s is at 191 eV, close to the B 1s peak reported for h-

BN (190.75 eV), indicating B-N bonding.132 A second peak located at 194 eV 
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corresponds to B2O3 bonding, originating from the O contained in ethanol during 

graphene growth. The N 1s peak located at 398.5 eV further confirms the presence of a 

B-N bond. This is similar to the reported N 1s peak of h-BN (398.2 eV).132 The C 1s 

main peak is located at 285 eV, which is close to the value observed in graphite. This 

suggests that the C-C bonds also coalesce towards graphene/graphitic domains. The 

shoulder in the spectrum at ≈400 eV indicates bonding between C and N. This arises 

from the boundaries between C and BN domains. It should be noted that no B-C bond 

was observed due to the low atomic resolution of B, corresponding to the case of h-

BNC.131 

3.4 Intrinsic properties 

3.4.1 Thermal conductivity 

 

Figure 3-15. (a) Measured thermal diffusivity and the calculated thermal conductivity 

of the 3D-BNC at different BN:C ratio; (b) comparison of the cross-plane thermal 

conductivity between 3D-BNC with the current state-of-the-art TIMs and other carbon-

based nanomaterials (CNT and graphene); (c) Normalized thermal conductivities of the 

stated materials with respect to their densities 



Chapter 3: Development of foams and basic intrinsic properties 

33 

   

Bulk graphite and bulk BN are known to have very high cross-plane thermal 

conductivities of around 10 Wm−1K−1 11, 133 and 30 Wm−1K−1,134 respectively. The 

highest cross-plane thermal conductivity measured on 3D-C is only 1.7 Wm−1K−1 20 due 

to its high porosity and low density. However, compared to composite polymer/nano-

carbon (such as carbon nanotubes (CNTs) and graphene) at the same loading fraction, 

the thermal properties of 3D-C are actually several times higher.135, 136 The reason for 

this is due to the 3D interconnected nature of 3D-C compared to dispersed nano-fillers 

such as CNTs and graphene. As 3D-BNC is a composite of 3D-C and 3D-BN, its cross-

plane thermal performance should be comparably high as well. Figure 3-15a shows the 

thermal characteristics of the 3D-BNC foam.  

The 3D-C sample is found to have a thermal conductivity of 1.25 ± 0.18 Wm−1K−1 

which is comparable to the previous reported value at 1.7 Wm−1K−1.20 For 3D-BN, it is 

found to be 0.84 ± 0.22 Wm−1K−1. The thermal conductivities of 3D-C and 3D-BN are 

comparable since graphene and h-BN both have high thermal conductivities due to their 

similar phonon spectrum.40, 137 For 3D-BNC, their thermal conductivities are measured 

to be between 0.9 ± 0.18 and 0.84 ± 0.22 Wm−1K−1. It is lower as compared to 3D-C 

due to the presence of interface between C and h-BN domains.138, 139 Additionally, bulk 

thermal conductivities κBULK of the 3D-BNC for varying concentrations are calculated 

with Schuetz and Glicksman approach for open-celled metal foams at low loading140  

        (3-3) 

where φ is the volume fraction of the material. The volume fraction φ for 3D-C is 

about 0.4%, 0.1% for 3D-BN and about 0.2% for their hybrid BNC forms. Results are 

tabulated in Table 3-2  and are comparable to the reported value of ≈2000 Wm−1K−1 and 

360 Wm−1K−1 for graphene and BN, respectively.141-143  
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Figure 3-15b shows a comparative chart between 3D-BNC with other state-of-the-art 

commercial thermal conductive materials (thermal grease, eutectic tin/gold, Si based 

adhesive)144, 145 used for thermal interfacing and as well as other carbon-based 

nanomaterials that are in the research frontier (CNTs135 and graphene136). To truly 

highlight the exceptional advantages of low-density foam-like materials, the respective 

material thermal conductivities are normalized with their density and are shown in 

Figure 3-15c. Clearly, these 3D-BNC foam-like structures have a significantly higher 

performance (2 – 3 orders of magnitude higher) than other current thermal materials 

when the density (and thus weight) of the materials is considered. 

 

Table 3-2. Comparison between measured thermal conductivity of the foam materials 

κ and as calculated bulk materials κBULK, with κBULK = (3/φ)κ, where φ is the volume 

fraction 

Sample 

 

Therm. Conductivity Foam 

[Wm-1K-1] 

Therm. Conductivity Bulk 

[Wm-1K-1] 

100C 1.25 934.14 

50C:50BN 0.83 995.94 

25C:75BN 0.92 1568.62 

15C:85BN 0.93 1931.54 

100BN 0.84 2526.98 

 

3.4.2 Electrical conductivity 

BN is known to be highly insulating with a wide band gap of ≈6 eV,43 whereas 

graphene is highly conductive with carrier mobility surpassing the 10 000 cm2 V−1s−1.2 

Hence, a compositional variance of the two (such as BNC) is expected to enable 

electrical tuning with an ultra-wide spectrum. Figure 3-16a shows the electrical 

conductivity and resistivity plots of the 3D-BNC foams with respect to different BN:C 

concentrations. It is observed that the electrical conductivity σ, decreases with 
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increasing BN concentration. The decrease of σ per %-amount can be divided into three 

regions: I the very high electrical conductivity of pure 3D-C followed by a sudden drop 

into region II with a linear decrease according to the increasing concentration of BN:C. 

Region III comprises of very low σ, which is almost completely insulating due to the 

effects of BN dominating the structure. 

 

Figure 3-16. (a) Electrical measurement results of 3D-BNC at different C:BN ratios. 

Region I corresponds to the highly conductive (low resistive) range, region II to the 

linear change of the electrical conductivity according to the BN:C concentrations, region 

III is the highly insulating. (b) Plot of electrical conductivity as a function of C volume 

fraction. The inset shows the log-log plot of the electrical conductivity of 3D-BNC as a 

function of (p-pc) with a linear fit 

 

The divisions (region I, II, III) are dependent on the varying BN:C concentrations. In 

region I (pure 3D-C), charge carriers can move freely and rapidly through the continuous 

graphene network, resulting in a very high measured σ of 0.6 Scm−1. In region II, a sharp 

decline in σ is observed (0.08 Scm−1) and it decreases almost linearly with increasing 

amount of BN concentration. These BN domains can be perceived as resistive barriers 

within a 3D-C network causing a higher resistive path, which hinders the flow of 

electrons. As the BN concentrations increases to ≈85% in region III, the 3D hybrid 

network is dominated with BN domains. This causes even more discontinuity within the 

block impeding charged carrier flow through the material and thereby resulting in an 

exponential increase in resistivity (from ≈24 Ω.cm at 25:75 C:BN to ≈52 MΩ.cm at 
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15:85 C:BN). This observation matches with the percolation threshold theory for 

composite materials.146, 147 When a certain composition of graphene inside the mixed 

material matrix is reached, the conductivity rises sharply, transforming into a conducting 

material. The conductivity of the composites can be further rationalized in terms of 

modified classical percolation theory,146  

        (3-4) 

where σ represents the conductivity of the composite, σ0 the scaling factor, p the volume 

fraction of the filler (in this case C is denominated as such), pc the volume percolation 

concentration, and t the critical exponent. Figure 3-16b shows a plot of electrical 

conductivity of BNC as a function of C volume fraction. From the fitted curve, the 

percolation threshold is ~0.2. This means that from C:BN 20:80 onwards, 3D-BNC 

starts to become a conductive material. The inset is a log-log plot of the electrical 

conductivity as a function of reduced volume fraction (p-pc) and from the linear fit, a 

critical exponent t of 6.2 ± 1.3 is calculated. The high value of t corresponds to the steep 

transition between insulating and conducting mode. 

3.4.3 EMI shielding effectiveness 

The shielding and its efficiency is measured in terms of shielding effectiveness (SE) 

and it is defined by IEEE standard148 as “the ratio of the signal received (from transmitter) 

without the shield to the received signal inside the shield”, and can be formulated as the 

logarithmic ratio of incoming power Pi to transmitted power Pt of an electromagnetic 

wave, expressed in decibel (dB). The higher the dB-level of EMI SE, the lesser 

electromagnetic wave is transmitted through the shielding material. Figure 3-17a and 

Figure 3-17b show the plots of EMI SE transmittance (S12) and reflectance (S11) 

measurements, for five different samples (3D-C, 75BN:25C, 50BN:50C, 25BN:75C and 

t

cpp )(0 
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3D-BN), respectively. The incident and transmitted waves can be represented by 

complex scattering parameters (S-parameters): S11 (or S22) and S12 (or S21) which 

can be correlated with reflectance, R, and transmittance, T, through formula (3-5) and 

(3-6),35  

         (3-5) 

         (3-6) 

The absorbance, A, can be calculated through the relation A + R + T = 1.35 3D-C, due 

to its highly conductive properties, exhibits high EMI shielding performance (≈50 to 55 

dB within the frequency range of 8 to 13 GHz),35, 36 and BN on the other side is highly 

insulating, and thus is completely transparent to electromagnetic waves and presents no 

barrier to them (comparable to air). For 3D-BNC, it is observed that with increasing 

amount of C concentration in the hybrid structure, S12 increases correspondingly and 

these observations are in strong agreement with the electrical conductivity measurement. 

When comparing the electrical measurement (Figure 3-16a) with EMI SE (Figure 3-17) 

measurements, it is obvious that S12 enhances with increasing electrical conductivity. 

Region I (high content of C) is of high conductivity and expectedly corresponds to high 

shielding effectiveness while region III (poor electrical conductivity due to high content 

of BN) corresponds to a much lower shielding effectiveness. In region II the electrical 

conductivity decreases linearly in tandem with the shielding effectiveness. A higher 

decrease from 50:50 to 25:75 is also observed as it is closer to the percolation threshold. 

Hence, by carefully controlling the concentration of BN and C, the EMI SE properties 

of the 3D-BNC can be tuned for specific applications needs. This is non-trivial since 

different application systems have finite tolerances towards both over and under-

shielding in the EM regime (Table 3-3 tabulates some applications needs). A good 
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example would be microprocessors (500 MHz – 1.5 GHz) where both over-shielding 

and under-shielding should be avoided.149 

 

Figure 3-17. (a) and (b) are the S12 and S11 measurement of the 3D-BNC with different 

composition from 100 MHz to 14 GHz. Depending on the ratio of BN:C, the EMI 

shielding effectiveness of 3D-BNC can be tuned from 0 – 50 dB for S12 and 0 – 40 dB 

for S11. The two highlighted regions correspond to the microprocessor range (500 MHz 

– 1.5 GHz, blue) and X-band (8.2 GHz – 12.4 GHz, red) 

 

Table 3-3. Each device has a specific requirement of shielding which should be taken 

into account in the final design in order to avoid over shielding and under shielding149 

Typical Application  Required Shielding  

Notebook Computer 15 – 20 dB 

Desktop Computer 12 – 20 dB 

Cell Phone 70 – 90 dB 

Cable Tap 70 – 90 dB 

Workstation/Server 30 – 40 dB 

 

3.5 Summary 

In summary, in this chapter the basic recipes for growth of 3D-C and 3D-BN were 

developed, as well as the growth sequence and parameters of BN and C in order to 

achieve a novel hybrid and tunable material. After obtaining the structure, a systematic 

study on its tunable characteristics was carried out, namely thermal conductivity, 

electrical characteristics and EMI SE. 



Chapter 4: Tuning of foams 

 

39 

   

4 Tuning of foams 

4.1 Introduction 

In this chapter, recipes to precisely modify the 3D-foams according to application 

needs are developed. One such requirement for example is to be able to increase the 

density, since the current recipes yield a material that is comprised of merely 0.3% of 

2D material, the rest being open pores. In addition, 3D-foams are praised as superior 

filler materials for polymers due to their interconnected structure. Thus, recipes to 

integrate the foams with matrix parent materials will be developed. For this purpose, 

new matrix materials, such as thermally conductive adhesives and thus far unreported 

polymers are explored. In the following chapter, these newly developed recipes will be 

presented, along with first assessment of obtained quality. 

4.2 Characterization tools 

Besides the characterization tools described in 3.2.5, further characterization to 

determine the successful integration of the 3D-foam skeleton into an external matrix is 

necessary: 

4.2.1 Wetting properties 

Contact angles were measured to determine the wettability of obtained structures. 

Contact angle occurs at liquid–vapor interfaces, in this case where water meets a solid 

surface. Water contact angles smaller than 90° stand for hydrophilic surfaces, water 

contact angles larger than 90° stand for hydrophobic surfaces.150 Here, it is measured 

using a video contact analyzer (Dataphysics OCA) and analyzed with the software  

SCA 20.  
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4.2.2 Polymer integrity 

Thermogravimetric analysis (TGA, TA Instruments Q500 and Shimadzu Scientific 

Instruments DTG-60H) is performed to study the decomposition profile of polymer – 

3D-foam composites. This method investigates the stability of the material at elevated 

temperatures by heating them up to ~1100°C while monitoring their weight.151, 152 This 

way, any changes in physical and chemical properties of the material tested are 

measured as a function of increasing temperature.  

Differential scanning calorimetry (DSC, TA Instruments Q100) is a thermal 

measurement that determines the difference in the amount of heat required to increase 

the temperature of a sample as a function of temperature.153 This technique can detect 

thermal transitions within a polymer (such as the glass transition temperature). 

4.3 Tuning density 

For some applications, such as biological scaffold or thermal,20, 154 it is important to 

be able to tune the number of layers comprising the foam, or more drastically, increase 

the density, since 99.6% of the volume of a bare foam is air/free space.  

Typical 3D-foam has between 8 and 10 layers. The number of layers can be tuned by 

the growth parameters; above 10 layers, the 3D-foam starts to resemble graphitic or bulk 

h-BN structures. To increase the density of the 3D-foams, two approaches can be used; 

namely, (1) prolonging the growth duration and (2) compressing the 3D-foam with an 

applied force. The difference between the two is mainly that in (1), the thickness of the 

walls increases while the pore distribution remains unchanged. As for (2), it decreases 

the pore size but the thickness of the walls remains unchanged. 

To verify the quality of both methods, Raman spectroscopy was performed on both 

types of samples. The results in Figure 4-1a show a stable quality throughout the 
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varieties of 3D-foams. The typical peaks for a high quality multi-layer graphene, 

together with their ratio, are well preserved in all three graphs (G-peak at 1580 cm-1, 

2D-peak at 2700 cm-1, absence of D-peak at 1350 cm-1 and a ratio of G:2D-peak 

intensity of 0.25).126 As an example of denser foams achieved through compression, 

Figure 4-1b shows a SEM image of a sample 90 times denser than the standard 3D-

foams and it can be seen clearly that the size of the pores decreased accordingly. Figure 

4-1c shows the maximum density achievable, whereby all pores have been closed and 

only the outline of the walls are still visible.  

 

 

Figure 4-1. (a) Raman spectroscopy on the 3D-foams with different density obtained 

through the two different methods to increase layer numbers. (b) SEM image of a 3D-

foam compressed down to 90 times its original density D1, (c) SEM image of a 

maximum compressed 3D-foam 

 

4.4 Infusion of 3D skeletal structure in Thermal Adhesives 

4.4.1 Metals 

3D-foams are incorporated into metals through chemical functionalization. Since 

metals are electrically conducting, only 3D-C is used for this experiment. 

Conventionally, methods to adhere metals on 3D-C comprise evaporation,155 

electrochemical deposition39, 70 and hydrothermal procedure,31 which do not allow 

covalent bonding and are mainly used to add metals on the outer layers of the 3D-C. 

This does not provide a continuous thermal or electrical conduction path and upon 
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heating beyond the metal’s reflowing point, the metals detach and form single clusters, 

without intermixing with the 3D-C. 

Typical metals used in electronics are Sn, Cu, Au (and Sn/Au). For functionalization 

with these metals two chemical steps are required, which are namely the oxidation of 

3D-C, followed by a chemical reduction with the respective metal salt in order to obtain 

a covalent bonding between metal and 3D-C. The schematic in Figure 4-2 summarizes 

the necessary steps.  

 

Figure 4-2. Schematic of the steps required for obtaining metal-infused 3D-C  

(3D-C=Metal) 

 

4.4.1.1 Oxidization of 3D-C 

This can be obtained via O2 plasma of 3D-C, or via acid reflux. For the first case, the 

samples are placed inside an O2 chamber. Typically, after treatment of one side, samples 

need to be flipped over and the treatment repeated. Since for this type of oxidization the 

functionalization is inhomogeneous (higher on the outer surface than inside the foam), 

acid reflux is usually preferred as oxidization method. For this, samples are immersed 

in sulfuric acid (H2SO4)/nitric acid (HNO3) 3:1 v/v for at least 20 hours at room 
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temperature. Afterwards, the solution is diluted with DI-H2O and filtered. Samples need 

to be washed and dried at 90 – 110 °C. This yields a spatially more uniform distribution 

of functionalization.  

 

Figure 4-3. Measurements to determine successful oxidization of 3D-C surface through 

contact angle and XPS on (a) unmodified 3D-C, (b) O2 plasma treated 3D-C and (c) 

3D-C after acid reflux  

 

O2 plasma mainly attaches –OH (hydroxyl) terminated groups on the surface of 3D-

C,156, 157 acid reflux mainly –COOH (carboxyl) terminated groups.158 Both groups are 

suitable for the functionalization with metals. In order to determine the success of 
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oxidization of 3D-C, contact angle measurements and XPS were carried out and results 

are shown in Figure 4-3. The peaks obtained for the C1s spectra are in accordance with 

the previously stated functional groups obtained with each method. Contact angle shows 

that untreated 3D-C is hydrophobic and the water droplet remains floating on top of the 

3D-C. Both O2 plasma and acid reflux yield immediate adsorption of the water droplet 

due to the hydrophilicity rendered. 

4.4.1.2 Chemical functionalization of 3D-C with metal 

In order to enable reflow between 3D-C and the metal/solder, metal functionalization 

on the surface of 3D-C is required. This is achieved via chemical reduction of the 

oxidized 3D-C with the respective metal salt. This chemical reduction is exemplified for 

the case of Sn:  

The process is adapted from a previous report on Sn-functionalized graphene oxide 

sheets.159 For synthesis of 3D-C=Sn (Sn-functionalized 3D-C), for each mg of 3D-C, 2 

– 5 ml aqueous solution of SnCl2.2H2O (2 – 5 mg) and citric acid (2 – 5 mg) as buffer 

are mixed. Instead of citric acid, also other buffers such as trisodium citrate dihydrate 

or tetrahydrofuran can be used. Afterwards, 2 – 5 ml NaBH4 (10 – 20 mg) aqueous 

solution is carefully added to the mixture. This is to reduce Sn2+ to Sn and oxidize 3D-

C back to pure 3D-C. The samples have to be stirred/shaken in ice bath for at least 3 h 

(or until the solution turns into clear transparent color). The resultant products are 

separated by filtration and washed with DI-water and then dried.  

The structure and morphology of 3D-C=Sn was analyzed by SEM with integrated 

EDX and XPS. The results are shown in Figure 4-4. In both cases it can be seen that Sn 

was successfully attached due to the Sn-C bonds detected. The EDX maps show a 

homogeneous distribution of the metal on the 3D-C.  
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Figure 4-4. Characterization of attached Sn-particles. (a) XPS of C1s and Sn3d using 

O2 plasma as surface pre-treatment; (b) XPS of C1s and Sn3d using acid reflux as 

surface pre-treatment; (c) their corresponding EDX maps with Sn mapped in red 

 

The reduction can be adapted to the different metal salts. For example for Au, AuCl4
- 

is used;160 for Cu, CuSO4.5H2O.161 For the Cu case, also copper(II) acetate monohydrate 

(20 – 30 ml, 1 – 5 g) with NaOH (5 – 10 ml of 2M) can be used for the reduction.162 

To visualize the successful functionalization and to highlight its effect on metal 

reflow, Sn powder was spread onto 3D-C and 3D-C=Sn foam and heated up above its 

melting temperature. The results in Figure 4-5 show that on untreated 3D-C (Figure 

4-5a), the Sn is not able to attach, whereas for the functionalized case (Figure 4-5b) it 

can be clearly seen that Sn attached onto the foam and started forming bigger clusters 
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embedded within the 3D-C. Also, when squashing the foam while the sample is heated 

up (Figure 4-5c), it can be seen that the foam uniformly intermixes with the metal and 

is able to fill the pores with re-solidified Sn. 

 

Figure 4-5. Results of Sn powder melting and compressing. (a) 3D-C without previous 

Sn infusion treatment; (b) 3D-C-Sn with attached molten balls of Sn; and (c) 3D-C-Sn 

with attached molten Sn powder after compression at high temperature 

 

4.4.2 Silane 

Silanes (i.e. amino-silanes) are a thermally conductive liquid “paste” and typically 

used as adhesion promoters between surfaces.163-165 Typical silane compounds are 

aminopropyl-trialkoxy-silane, APTES (3-aminopropyl) triethoxysilane, APS (3-

aminopropyl) trimethoxysilane, 3-(Trimethoxysilyl) propylamine for bonding to Al, Cu 

or Si, and cysteamine complexes for attachment onto gold surfaces.166  



Chapter 4: Tuning of foams 

 

47 

   

The hybridization method can be adapted according to final application, ranging 

between (1) submerging the foam in the paste and then placing onto the final surface, 

(2) placing the foam on the final surface and then dripping the paste onto it, (3) dripping 

the paste onto the final surface, and then placing the foam onto it. After each method, 

the structure must be dried, which can be fastened up via heating at 120°C. Further 

optimization can be obtained through pre-annealing of the solution to 70°C. This yields 

a more structured and ordered silane film, with far less unreacted ethoxy groups.167 The 

post-annealing temperature (i.e. the temperature used for drying the samples) has no 

effect on the final film quality. For all methods, either 3D-BN or 3D-C can be used, 

since both will turn into electrically insulating foam with ρ = 770 ± 10 Ω.cm. Figure 4-7 

shows XPS survey spectra of 3D-C before and after silane functionalization (the silane 

used in this case is (3-aminopropyl) trimethoxysilane with the chemical formula shown 

in Figure 4-6). The additional presence of N 1s, O 1s, Si 2p and Si 2s for the latter case 

corroborates the successful hybridization of the amino-silane with the 3D-C. 

 

Figure 4-6. Chemical formula of (3-aminopropyl) trimethoxysilane (APS) 

 

 

Figure 4-7. XPS survey spectra of 3D-C functionalized with APS 
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Figure 4-8. Schematic of chemical bonding between 3D-foam, silane and substrate 

 

Figure 4-8 schematizes the chemical bonding present between paste and 3D-foam. 

The paste has binding sites, which are able to bind covalently to the 3D-foam and to the 

substrate underneath, typically Si, Al, Cu and Au surfaces. Thanks to this covalent link, 

an overall stronger bond and direct conduction path between substrate and 3D-foam is 

achieved.85, 87-89 The attachment preferably occurs on the O-containing groups of the 

foam. Nevertheless, further forced induction of additional O-groups into the foam (e.g. 

as described in 4.4.1.1) will decrease overall performance for this case. 

4.5 Infusion of 3D skeletal structure in Polymer 

4.5.1 PDMS 

Polydimethysiloxane (PDMS, Sylgard® 184) is a silicone polymer an it is a very 

common polymer often used to infuse with 3D-C.17, 21, 168, 169 

For “conventional” 3D-foam/PDMS preparation, the PDMS resin (10:1 base:curing 

agent) is dripped onto the entire foam, which can be either bare or still with Ni, and then 
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cured for 1 hr at 130°C. For the case of Ni still being inside the sample, the Ni is etched 

away after the polymer has been fully cured. Figure 4-9a shows an optical image of 3D-

C infused in PDMS, Figure 4-9b,c SEM images of a sample’s top and cross-section 

view. 

 

 

Figure 4-9. (a) Optical image of 3D-C infused with PDMS using conventional method. 

SEM imaged of 3D-foams infused with PDMS using conventional method. (b) top view 

and (c) tilted view of the edge revealing the cross-section 

 

4.5.2 “Hairy” PDMS  

Structures prepared with the “conventional” PDMS infusion suffer from loss of 

electrical conductivity and thermal properties, as well as additional layers of bare 

polymer below its structure, which further lowers the performance. This is why a new 

method is developed that yields 3D-foam that is infused with PDMS only in its central 

layer, with the bottom and upper layers still freely exposed – the “hairy” method.  

 

 

Figure 4-10. Schematics experimental procedure to obtain “Hairy” PDMS infusion 
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To prepare these “hairy” structures, 3D-foams still containing the metal foam 

template are used. Then, a thin layer of polycaprolactone diol is melted at 80 C in an 

aluminum pan and the 3D-C/BN coated Ni foam dipped into the melt to coat the edge 

with a thin layer of it. The height of the molten polycaprolactone diol inside the pan 

determines the thickness of the later exposed part of 3D-foam. Subsequently, the pan 

with the foam inside is quenched in ice bath to solidify the polycaprolactone diol layer 

on the surface of the 3D-foam. The same procedure is repeated for the other side. This 

yields a porous 3D-foam sandwiched between two thin layers of polycaprolactone diol. 

PDMS is subsequently infused into the remaining uncoated layers of the foam to obtain 

a uniform coating of PDMS within the porous structure. Degassing is carried out during 

infusion process to remove air bubbles and ensure a uniform coating throughout the 3D-

foam. The PDMS coated foam is then left in the oven at 60 C for 24 hours. Then, 

polycaprolactone diol is dissolved and rinsed a few times in cyclohexane to fully remove 

traces of it in the system, exposing the hairy structure of the original foam. Once the 

samples are completely dry, the Ni is etched away through chemical etching with HCl. 

After all the Ni is removed, samples are washed in DI-H2O and subsequently dried. 

Figure 4-10 schematizes the steps required. The process can be adapted to obtain “hairy” 

layers on both sides or on one side only (i.e. skipping the second polycaprolactone diol 

coating step).  Figure 4-11a and Figure 4-11b show optical images of the obtained 

samples with and without the PDMS infusion. It can be seen that the process does not 

change the overall physical appearance of the 3D-foams. In Figure 4-11c and Figure 

4-11d the flexibility of the structures is demonstrated, as they are able to completely 

conform to the curvature of a 6.5 mm diameter rod and fully return back to their original 

shape without breaking. This is in big contrast to bare 3D-foams, which beyond a 

bending angle of 15° immediately break (Figure 4-12). 
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Figure 4-11. Optical images without and with the “hairy” infusion (a) of 3D-C and (b) 

of 3D-BN. Demonstration of flexibility (c) of “hairy” 3D-C and (d) of “hairy” 3D-BN   

 

 

Figure 4-12. Bending studies on bare 3D-foam. (a) Point of break at 15°, (b) broken 

sample 

 

Cross-sectional SEM images of the 3D-foams without and with the “hairy” infusion 

are shown in Figure 4-13a and Figure 4-13b, respectively. It can be clearly seen that the 

infusion yields a single thin layer of PDMS in the center of the foam without causing 

any contamination, and without causing any structural changes to the 3D-foams (i.e. 

their structure outside the infusion layer remains intact, exactly like the 3D-foam’s bare 

morphology).  

 

 

Figure 4-13. Cross-sectional SEM images of (a) bare and (b) “hairy” 3D-foam 
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 Further corroboration of the non-invasiveness (i.e. no changes in quality) was 

assessed through Raman spectroscopy, and results are shown in Figure 4-14. As evident 

from the graphs, the infusion step does not alter the crystal structure of the 3D-foams 

(i.e. fully preserved peak position and width).  

 

Figure 4-14. Raman spectroscopy results on 3D-foams with and without “hairy” 

infusion 

 

4.5.3 PI 

For infiltration with PI, pyromellitic dianhydryde-oxydianiline (PMDA-ODA) PI 

precursor was used. Its chemical structure is shown in Figure 4-15.  

 

Figure 4-15. Chemical structure of PMDA-ODA polyimide monomer 
 

 

Since residual stress is a serious issue that arises in infiltration of PI with fillers,170 

mainly due to solvent evaporation, a process to target this problem was carefully 

developed: instead of using the conventional two-step poly(amic acid) process,171, 172 

the infiltration process was divided into several steps with diluted polyamic acid solution, 
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thus enabling enhanced penetration of the solution. This prevents the build-up of strain 

within the film and at the interface between PI and 3D-foam during the curing stage. 

This process is particularly suitable for 3D-foam structures, due to the three-dimensional 

skeleton, as the total volume required to obtain a full-film can be calculated a-priori. 

The schematic of the infiltration process is shown in Figure 4-16. First, a diluted 

polyamic acid (PAA) solution is poured onto the 3D-foam and cured, using a SiO2 

substrate as mold. After curing, a thin PI film forms at the bottom of the 3D-foam and 

this serves as a limit for subsequent steps, where each layer will be built on top of the 

previous one. Next, an additional layer of diluted PAA solution is poured onto the 

composite and cured. This step is repeated until the cured PI thickness is close to that of 

the bare 3D-foam. The dilution level and the amount of PAA solution are determined 

by the porosity and volume of the 3D-foam prior to the infiltration. The final free-

standing flexible 3D-foam/PI films are then obtained by peeling the nanocomposites 

from the Si substrate. The peeling off is enabled due to reduced adhesion between the 

PI and the Si substrate as a result of the oxide layer deposition on the Si wafer.173  

 

Figure 4-16. Schematic of the infiltration process of PI into 3D-foam 
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Figure 4-17. Optical images of the bare 3D-foams and their respective PI films 

 

Optical images of both bare 3D-C and 3D-C/PI composite and bare 3D-BN and 3D-

BN/PI composite are shown in Figure 4-17, indicating a homogeneous distribution of 

PI along the 3D-foams. Figure 4-18 shows the cross-section SEM of 3D-foam and PI 

infiltrated 3D-foam. It can be clearly seen that the entire highly porous structure of the 

3D-foam has been completely infused with PI and no air pockets are observed.  

 

Figure 4-18. Cross-section SEM images of bare 3D-foam and 3D-foam/PI film 

 

Raman spectroscopy was performed to verify the quality of the foams and the spectra 

are shown in Figure 4-19. The bottom (blue) graph shows the bare 3D-C spectrum, the 

bottom green bare 3D-BN. The two distinctive graphene peaks at 1580 cm-1 

(corresponding to the G-peak) and 2700 cm-1 (corresponding to the 2D-peak) can be 

detected,126 as well as the h-BN peak at 1370 cm-1.129 For the 3D-C/PI and 3D-BN/PI 

composites (red), all these peaks are preserved with the appearance of an additional 
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small D-peak (at ~1350 cm-1) for the 3D-C case, indicative of the 3D-C/polymer 

interface. The fact that its intensity is minimal indicates that the infiltration of PI into 

3D-C scaffold does not significantly change the crystalline structure of it.174  

 

Figure 4-19. Raman spectroscopy before and after infusion with PI 

 

 

Figure 4-20. XPS survey spectra of bare PI and infused PI 

 

To verify the chemical integrity of the PI inside the 3D-foam/PI hybrid, XPS 

measurements were carried out. As described by Grossman et al.,175 the molecular 

structure of Kapton® PI consists only of C 1s, N 1s and O 1s. Figure 4-20 compares the 

obtained survey spectra for bare PI and infused PI, and it can be seen that both match, 

which means the chemical integrity of the PI is preserved inside the nanocomposite film. 

The two small Si peaks seen in both spectra at around 100 and 150 eV originate from 

the Si substrate used during fabrication process of the films.  
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Further optimization of the film smoothness and thickness can be obtained through 

improving the mold used during curing (i.e. using a stamp-like approach). 

4.5.4 Epoxy SMP 

For the synthesis of SMP and the infusion of SMP with 3D-foams, a similar approach 

to a previously reported epoxy SMP case was adopted.176 In brief: 3 chemicals are 

prepared, namely EPON 826 as the resin that is responsible for the shape memory 

performance in epoxy, Jeffamine D-230 and NGDE, as curing agents to stabilize the 

polymer upon heating. EPON is first heated to 75 °C for 15 minutes. Afterwards, 

Jeffamine D-230, and NGDE are added and mixed with a mole ratio of 1.3:1.0:0.7 

(EPON:NGDE:Jeffamine). After thoroughly stirring, the mixture is added drop-wise to 

the 3D-foam fillers. For the shaping of SMP, Al molds are used. The samples are then 

inserted in a vacuum chamber for 15 minutes to degas the remaining air bubbles. 

Afterwards, the samples are cured for 1 hour at 100 °C and post-cured for another hour 

at 130 °C. Subsequently, the samples can be removed from the Al molding and cut into 

desired shapes. In Figure 4-21, a cross-sectional SEM view of foam infused with SMP 

is shown. It can be seen that the process yields bubble free samples. The shadow 

structures inside the polymer block correspond to parts of the foam. It can be seen that 

the foam spreads homogenously throughout the entire cross-sectional area of the SMP. 

It is worth mentioning that even though the foam expands uniformly throughout the 

entire structure, it requires only a volume (weight) fraction of 0.3 vol% (0.35 wt%) and 

due to the ultra-light density of the foams, the overall material does not change in weight 

or original density through the infusion step. These small filling fractions are also orders 

of magnitude smaller than current fillers used (such as talc with 30 vol% filling factor, 

carbon nanotubes with 2 vol%, and aluminum nitride with 40 wt%).177 
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Figure 4-21. Cross-sectional SEM image of SMP infused with 3D-foam 

 

In order to evaluate whether the infusion with the 3D-foams changed the intrinsic 

properties of the polymer, decomposition temperature and glass transition temperature 

(Tg) of the composites were measured. For this, TGA was used to study the 

decomposition profile of bare SMP and 3D-foam infused SMPs; and DSC for Tg 

determination.  

 

Figure 4-22. TGA results to determine decomposition temperature of all 4 types of SMP 

studied. The decomposition temperature is determined at the 95% of weight point, 

marked with the red dashed line 
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Figure 4-22 shows the decomposition profile of bare SMP and 3D-C, 3D-BN and 3D-

BNC infused SMP. The temperature at the point of 5% mass loss determines the 

decomposition temperature. It can be seen that all results show identical curves and the 

point of 5% mass loss is in a similar range of 283 ± 3.5°C for all four materials. This 

indicates that the infusion of 3D-foam does not affect the structure of the cured SMP.  

 

 

Figure 4-23. DSC results to determine glass transition temperature (Tg) of all 4 types of 

SMP studied. The glass transition temperature was determined by the central point of 

the slope, marked in red 

 

For DSC, a temperature sweep up to 280°C was carried out and results are shown in 

Figure 4-23. It can be seen that glass transitional temperatures of 58.4°C, 56.7°C, 50.6°C 

and 52.6°C were obtained for bare SMP, 3D-C/SMP, 3D-BN/SMP and 3D-BNC/SMP, 

respectively. Taking into consideration possible experimental error, it can be thus stated 

that the infusion with 3D-foams has no effect on the Tg of SMP.  
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These results oppose previous results reported for 3D-C/epoxy composites,178 in 

which the glass transition temperature was affected after infiltration. The difference of 

these works relies in the fact that in the present case, the epoxy SMP is infused after 

etching off the Ni template, and direct bonds between polymer resin and 3D-foam 

become unlikely. This is an important characteristic, since any structural changes would 

also affect the shape memory performance of the SMP. 

4.6 Summary 

In summary, this chapter provides the recipes for further enhancement and tuning of 

the 3D-foams properties. This includes the increase in density, the addition into 

thermally conductive matrices such as metals and silane, and to enhance the mechanical 

properties via hybridizing with different polymers.  

For all recipes, an assessment of quality was performed and it was shown that the 3D-

foams retain all their properties and structure throughout the different processes. 
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5 Application in thermal management of electronics 

5.1 Introduction 

The advancement of semiconductor technology in the era of “more-than-Moore”179 

has led to an increasing challenge in thermal management. ICs are so densely packed 

that they heat up within milliseconds,1,180, 181 resulting in an extreme increase of 

generated heat182 (e.g. current power electronics modules can go up to 200 Wcm-2)183.  

In order to mitigate this problem, the conventional way of extracting the heat through 

the substrate has been improved via adding heat sinks either on top or below the 

electronic device. The contact to these heat sinks is further enhanced through TIMs180 

and these TIMs are essential to reduce the thermal boundary resistance between the 

chip’s active area and the heat sink.184 Typical TIMs can be classified into electrically 

conductive and insulative types. For the former class, metal alloys containing In, Bi, Sn, 

Au are the common materials used. Although their thermal conductivities are usually 

high (i.e. ~50 Wm-1K-1), the use of these TIMs is sometimes limited, due to their 

electrical conducting nature that can interfere with RF components and their limited 

integration ability with other-non-metal materials due to their wetting properties. 

Additionally, for miniaturization of devices, the TIMs utilized have to shrink in size and 

weight correspondingly as well. Thus only the use of very thin metal foil is allowed 

which decreases the effective thermal conductivity by several orders.185 Also, the use of 

metallic TIMs require high temperatures for reflow in order to achieve good surface 

conformity, which can range between 90°C to 450°C186 limiting its usage. For 

electrically insulating TIMs, typical materials include greases, phase change materials, 

gels, adhesives and polymers.182, 187, 188 These TIMs are able to achieve good surface 

conformity at low temperature and are relatively easy to apply. Nevertheless, their 
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thermal conductivities remain in the lower regime (0.1 – 0.3 Wm-1K-1).182 Many have 

improved these materials by infiltrating them with high thermally conducting fillers, 

such as metals (i.e. Ag, Au, Ni, Cu)189 and ceramics (i.e. Al2O3, AlN, BN).190, 191 This 

strategy increases the thermal conductivity of commercially available TIMs to 5 – 

10 Wm-1K-1.192 Despite this, it is still much lower than typical metallic TIMs and 

electronics materials, which creates a bottleneck in the thermal extraction channels (i.e. 

typical solder materials have a thermal conductivity ranging between 20 – 60 Wm-1K-1 

at room temperature).33, 193, 194 Although one could increase the loading fraction of the 

fillers to increase the thermal conductivity, large filling ratios would also affect its 

viscosity and other parameters defining the applicability, such as curing temperature, 

dry-out and pump-out. 

Today, the demand in performance for modern ICs has already pushed the current 

TIMs beyond their limit.195 As a consequence, the performance of new generation chips 

has to be lowered at times to avoid over-heating196 (which means adjusting their 

frequency according to the temperature)197. This is obviously undesirable.198 As such, it 

is of importance to overcome this heat dissipation challenge199, 200 and many have begun 

to explore various nanomaterials as next generation nano-thermal interface materials.201  

Since it has been reported that the interconnected nature within the 3D-foams could 

drastically overcome the internal contact thermal resistance, as single graphene domains 

within the 3D-foam form a continuous graphitic structure through covalent bonding,20 

and it has been shown that such foam-like structures have superior thermal interfacial 

characteristics to other surfaces due to the increased contact surface area,145 it is believed 

that the 3D-foams would serve as a new TIM with an overall thermal extraction 

performance that would far exceed the thermal performance of the current TIMs. Thus, 

in this chapter, the application of 3D-foams as ideal TIM candidates is studied in order 
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to overcome current thermal management challenges. Characteristics that are critical to 

TIMs have been investigated, which include cross-plane thermal conductivities, 

interface and, most importantly, evaluation of the thermal extraction efficiency. To 

further improve the bonding strength and applicability, in a next step, electrically 

conducting and insulating means of thermal adhesion have been added to the foams and 

analyzed. In a last step, mechanical robustness of the foams has been enhanced in order 

to also cater for harsher environment and large-gap application. Reliability and thermal 

stability of all methods have also been assessed. 

5.2 Thermal characterization methods 

Since this chapter describes different modes of thermal interface application, which 

require different methods of assessment of thermal performance, the following gives an 

overview of different methodologies used:  

For adhesion-less samples, the traditional single layer laser flash method is used, since 

the thermal performance is mainly dependent on the structure itself. Additional 

assessment of the boundary properties is also done. 

Since in the case of adhesive materials the advantage of thermal performance is due 

to the bonding with the boundary surface, the actual benefit can only be assessed in such 

a configuration. As such, instead of measuring the thermal conductivity of the single 

layer TIM, thermal conductivity is measured using the laser flash method on sandwiched 

structures. The TIM is bonded between two Si wafers, roughened Si wafer (Si,r), Cu 

foil and Al foil, and then measured as a single layer structure. This way, an effective 

thermal conductivity of the stack is obtained, which then is compared to the ideal value 

of a single Si/Cu/Al layer. This way, the effectivity of the TIM layer in transferring the 

heat from the bottom to the top layer is quantified. 
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5.3 Adhesion-less thermal management 

5.3.1 Material preparation and characterization  

 

 

Figure 5-1. Schematic of adhesion-less application of the 3D-foams in thermal 

management of electronics 

 

For an adhesion-less application, the compressibility of the foams is exploited. By 

placing the foam in its uncompressed state and then compressing it down via the weight 

of for example a heat sink or another chip. Figure 5-1 schematizes the typical setup 

without adhesion for thermal management of electronics. For this type of application, 

3D-C may be used for electrically conducting needs; 3D-BN for electrically insulating 

requirements. 

5.3.1.1 Thermal contact resistance characterization 

Measurements are conducted according to ASTM 5470 on a commercial TIM Tester 

(AnalysisTech, model 1400). The principle of this method is based on imposing a one-

dimensional heat flow across the sample and measure the resulting temperature 

difference. The sample thermal resistance, Rth, is then defined as the ratio of the 

temperature difference to the heat flow. According to the Standard, the 3D-foams are 

considered Type II materials (low contact resistances, elastic and plastic deformations 

combined with an elasticity increase with deformation), so a controlled contact pressure 
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is applied. Sample size is of 33 mm diameter disks, test temperature is of 50°C. Used 

pressure is of 10 psi, which yields full compression. 

5.3.2 Thermal conductivity 

The biggest constrain for the effective thermal conductivity of the 3D-foams is the 

very low volume fraction (0.4%),20 hence, if the density of the 3D-foam could increase, 

the thermal conductivity will rise by several orders.  

To investigate the correlation between the density of the 3D-foams and their 

respective thermal conductivities, the cross-plane thermal conductivity was measured 

using the laser flash method202 since the z-plane heat spread is more crucial for the 

effectiveness of heat extraction for TIMs.33, 136 Obtained thermal conductivity 

measurement results are shown in Figure 5-2, in which the thermal conductivity (red 

curve) was plotted along with their corresponding densities (blue curve) of each 

measured sample. Closed squares represent results for 3D-C and open squares for 3D-

BN. The base thermal conductivities of the pristine 3D-foams are of 1.2 Wm-1K-1 and 

0.84 Wm-1K-1, for 3D-C and 3D-BN respectively. As the density increases, the highest 

thermal conductivity values achieved are at 86 ± 10 and 62 ± 10 Wm-1K-1 for 3D-C and 

3D-BN (error deviation due to the non-perfect surface flatness), respectively. It must be 

noted that 3D-BN has a slightly lower thermal conductivity than 3D-C, due to the 

cumulative effect of the following structural differences: (1) h-BN and graphene have a 

different phonon dispersion, especially in their flexural modes (which leads to increased 

phonon-phonon scattering),203-205 (2) higher isotopic impurity in h-BN (i.e. BN has a 

larger isotope mixture of 19.9% 10B and 80.1% 11B than graphite with 98.9% 12C and 

1.1% 13C, which leads to an increase in phonon-isotope scattering. This in turn reduces 

the thermal conductivity in BN),205, 206 (3) the difference in mass of B and N (since 

phonon frequency depends on the mass, and thus in BN local fluctuations in the natural 
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frequency appear which leads to additional phonon scattering)204, 207 and (4) intrinsic 

phonon-phonon scattering due to lattice anharmonicity (also caused by the dual-

character of BN, as compared to graphene).205, 208  The results show that there is a 

proportional relation between density and thermal conductivity for both types of 3D-

foam. In addition, it is also worth mentioning that the two methods of obtaining high-

density 3D-foam (i.e. prolong growth time and compression of the 3D-foam) have been 

compared and their thermal conductivities are comparable. The reason is that both these 

methods do not change the internal configuration of the 3D-foam and thus the internal 

thermal contact resistance remains low.20 

 

 

Figure 5-2. Measured density and thermal conductivity of 3D-C and 3D-BN 

 

The cross-plane thermal conductivities for 3D-C and 3D-BN are 14-fold and 30-fold 

increased over typical multilayer graphene and h-BN (i.e. graphene has a thermal 

conductivity of 6 and h-BN of 1.5 – 2.5 Wm-1K-1 in the z-plane).209, 210 This is due to 

the isotropic interconnected structure of the 3D-foam: while in 2D graphene (or h-BN), 

phonon transport is anisotropic (i.e. only along the in-plane direction, and for out-of-

plane propagation between the layers only weak Van der Waals forces are present that 

do not enable efficient phonon transport), in 3D-foams, the graphene or h-BN sheets are 

stitched to each other covalently and follow an isotropic structure, which is preserved 
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Table 5-1. Comparison of cross-plane thermal conductivities among graphene and h-

BN structures 

 

 

even when density is increased. This way, in 3D-foams the phonon transport can be 

directed into all directions in an isotropic manner. Also, these maximum values of 

thermal conductivity are among the highest cross-plane conductivities of free-standing 

graphene or h-BN structures. For comparison, the closest structure to the 3D-foams 

studied here is graphene and h-BN paper. For this type of structures, thermal 

conductivity at the out-of-plane direction is difficult to improve further due to the 

anisotropic behavior and alignment of the graphene or h-BN particles (maximum values 

reported are of 1 – 5 Wm-1K-1).211 This becomes very evident when observing their 

cross-sectional SEM images, whereby the layered structure can be clearly seen.212, 213 

Further comparison to other structures is given in Table 5-1.  

Material Cross-plane  

thermal conductivity 

[W m-1K-1] 

Remarks Ref. 

Graphene 6 Weak Van der Waals forces limit conductivity between layers 210 

h-BN 1.5 – 2.5 Same as graphene 209 

Graphene paper max. 1 – 5 Anisotropic behavior and alignment of the G particles, which 

becomes evident in the layered structure under SEM 

211, 212 

h-BN paper/BN-

polymer 

nanocomposites 

n.a.  

(only in-plane) 

Similar to G paper, h-BN paper is extremely layered 

Pure BN has weak strength and is difficult to obtain as 

freestanding film, thus needs support from another material 

213-216 

Commercial Silver 

epoxy TIM 

1.76 (pristine) 

9.9 (5 vol% graphene filler) 

Stable in working temp range of epoxy, which is only  

5 – 75 °C  

193 

Graphene 

nanocomposite 

epoxy 

5.1 (10 vol%) Stable only at 5 – 75 °C 136 

Graphene laminate 

on PET 

40 – 90  Strongly dependent on flake size 

due to the amount of single flakes required not freestanding  

217 

Multilayer graphene 

in epoxy 

5 Temperature dependence of values, not freestanding 218 

3D BN nanosheet 

networks in epoxy 

2.4 (9.29 vol%) Infiltrated in epoxy 

anisotropic 

219 

h-BN in polyimide 7 (60 vol%) Not freestanding and requires high volume fractions 220 

3D-foam 62 ± 10 (BN)  

86 ± 10 (C) 

Freestanding and compressible, stable up to 700 – 900 °C This 

work 
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In addition, for actual application, it is challenging to obtain freestanding graphene or 

h-BN structures that can be applied directly without the need of supportive materials 

(such as polymers), which further hinders the phonon transport. For 3D-foams, besides 

their outstanding thermal conductivity, these 3D-foams do not require additional mixing 

with supporting materials and are fully freestanding. 

5.3.3 Interface characteristics 

For TIMs, besides thermal conductivity, the quality of the interface between the chip 

and sink play a major role in the quality of heat transfer. Some of the important 

considerations include: (1) thermal properties of the interface, (2) optimization of the 

interface, since due to the very bad conduction of heat in air (thermal conductivity of 

0.026 Wm-1K-1 at room temperature) any presence of free space void in the joint area 

would increase significantly the thermal resistance, (3) surface roughness of the contact, 

(4) any possible stress occurring due to coefficient of thermal expansion (CTE) 

mismatches.221 To investigate these properties, measurements according to ASTM5470 

are performed. The value obtained is of Rth = 0.197 KW-1 (0.262 in2KW-1), which is 

considered a very low thermal contact resistance. This is due to the very high surface 

conformity of the 3D-foam and shows that the 3D-foam is able to decrease the interface 

resistance of two mating surfaces. This value is in a similar range as reported previously 

in a comparable test where 3D-C foam was placed between two Cu blocks (between Si 

and Al) and pressed down, which gave a thermal resistance of 0.45 KW-1 (0.26 KW-1).145 

For comparison, the thermal interface resistance of commercial grease is around 6 times 

higher, at 2.71 KW-1, and silicone based adhesive is 3 times higher, at 1.35 KW-1. 

To observe the morphology of compressed 3D-foam, Focused Ion Beam (FIB) and 

SEM have been used to measure the thickness of the branches of the 3D-foam and the 
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3D-foam itself after a compression step between two Si wafers. For this, a window has 

been cut through the compressed 3D-foam in order to access the 3D-foam within the 

sandwiched structure (Figure 5-3a). It can be seen that on average, each branch is 

between 1.1 and 1.3 μm thick (Figure 5-3b). Since the porosity of the Ni template used 

is between 100 and 110 ppi, and with an initial thickness of 1.67 mm of the 3D-foam, 

the number of vertical pores inside the structure is between 6 and 7. Since samples 

comprised of 10 layers are used for this application, which are supposed to be non-

compressible, then the minimum thickness the 3D-foam can reach is 6.6 μm. The SEM 

image also reveals that there is still free space present between the branches. This is due 

to the fact that there was a gap between the Si wafers due to its warpage,222, 223 which is 

larger than the minimum thickness of the 3D-foam, thus the 3D-foam does not require 

full compression in order to fill this gap.  

 

 

Figure 5-3. SEM studies of the compressed 3D-foam. (a) FIB cut has been performed 

to measure the thickness of the graphite inside the 3D-foam; (b) zoom into the cut with 

measurement 

 

In order to quantify the compressibility of the 3D-foams, a study of the relationship 

between applied force and compression level is shown in Figure 5-4. The measurement 

was performed by placing uncompressed 1.67 mm thick samples centralized on the 

parallel plate compression clamps of a dynamic mechanical analyzer (DMA Q800) with 
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a resolution of 1 nm. Used parameters were a force ramp from 0.001 N to 18 N at 0.1 N 

min-1 for compression, followed by a force ramp from 18 N to 0.001 N at 0.25 N min-1 

for release. Due to the system’s limitations, the force could only be ramped up to 18 N, 

which did not achieve the full compression of the 3D-foams down to ~6.6 µm. It can be 

seen that 18 N yields a compression down to 25.4 µm for 3D-C and down to 36.4 µm 

for 3D-BN. From the graph, it can be extrapolated that in order to reach 6.6 µm, a force 

of ~22.8 N is required for 3D-C and of ~24.6 N for 3D-BN. This could be achieved by 

compression with a weight of 2.3 – 2.5 kg without applying any additional external 

forces. After release, a slight decompression in the range of 40 – 50 µm is visible, which 

for application as heat spreader would not be the case since the weight of the heat sink 

will not be removed.  

 

 

 

Figure 5-4. Relationship applied force – achieved compression for 3D-C and 3D-BN 

 

To further demonstrate that the 3D-foam would fit into most surface roughness and 

thus improve the thermal interface between the two, various artificial trenches of 

different aspect ratio were fabricated on a Si wafer as a test platform for extreme cases 

and compressed with the 3D-foam. The cross-section of the Si–3D-foam configuration 

was observed under SEM and Figure 5-5 shows two examples of the trench-arrays 

before and after compression with the 3D-foam. Figure 5-5a,b show the case of 20 µm 
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deep, 2 µm wide trenches; Figure 5-5c,d of the 40 µm deep and 25 µm wide section. 

For both cases, it can be seen clearly that the 3D-foam is able to completely fill up all 

the gaps. The good fitting of the 3D-foam into all the trenches are due to the fact that 

the structure of the 3D-foams is very refined, and it is several orders smaller than the 

usual surface roughness or unevenness/warpage.  

 

Figure 5-5. SEM studies of the surface conformity of 3D-foam after compression on 

varying surface roughness. (a) Cross-sectional view of the 20 µm deep and 2 µm wide 

trench before compression with 3D-foam and (b) after compression with it; (c) cross-

sectional view of the 40 µm deep and 25 µm wide trench before compression with 3D-

foam and (d) after compression with it 

 

5.3.4 Device level testing 

To access the heat extraction performance of 3D-foams on electronic devices, 

evaluation was carried out on a 2.5D electronic test platform.224 2.5D packages refer to 

the packaging of multiple dies on a Si interposer with Cu-filled Through Si Vias (TSVs) 

as electrical interconnects. Dissimilar dies with different functions can be assembled 

together to fulfill faster operation through shortened interconnects. Nevertheless, even 
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though the shortened interconnect lengths reduce the power consumption, the power 

dissipation for each die tends to remain unchanged. This results in unfavorable heat 

density within the packages. Thus, thermal management is a key challenge to be 

addressed in 2.5D packages and system designs,225, 226 whereby the TIMs performance 

can play a key role in 2.5D packages cooling.  

The 2.5D thermal test chip used herein is shown (without any overmold) and 

schematized in Figure 5-6. It consists of a thermal test die (5.08 mm × 5.08 mm) along 

with two dummy dies (7.6 mm × 10.9 mm and 8 mm × 8 mm), which represent the logic 

and memory chips in a typical 2.5D integration. The thermal test die consists of four 

heating unit cells (which cover over 85% of the chip area to provide uniform heating), 

and six diodes for die temperature sensing. For the molded test vehicle, additional 

molding process was conducted on the wafer level with epoxy mold encapsulation on 

the chip package. The thermal diodes were calibrated in the air-convection oven with 

data taken at room temperature, 60°C, 100°C, and 140°C to obtain the proportionality 

factor (K-factor). The six diodes on the thermal test chip have excellent linearity with 

R-squared value ≥ 0.9999, with almost identical K-factor of 517 KV-1 ±1.2 KV-1 based 

on four calibrated packages on board. During the test, a power supply from Xantrex 

(XHR 150-7) is used to supply electrical power to the thermal chip, the temperature 

reading is attained by activating the diodes with 1 mA current from a Keithley 2400 

source meter. For temperature increase test, the package is first placed in still air for 10 

– 15 minutes without power input. Then the diode voltage (Vdiode) and the ambient 

temperature (Ta,0) are recorded as initial readings. A J-type thermocouple with factory 

calibration is used to measure the ambient temperature. The power input is then applied, 

and the corresponding junction temperatures and ambient temperature recorded after 



Chapter 5: Application in thermal management of electronics 

 

72 

   

reaching thermal equilibrium. The corresponding junction temperature TJ is then 

calculated as follows: 227 

𝑻𝑱 = ∆𝑽 ∗ 𝑲 + 𝑻𝒂,𝟎        (5-1) 

where Ta,0 is the ambient temperature before the power is input and ΔV the average of 

the diode voltage difference before the power input.  

 

 

Figure 5-6. Test device used to assess the material’s performance under real conditions. 

(a) Photograph of the chip without any overmold; (b) schematic of the cross-sectional 

view of the test setup. TV1 stands for a dummy logic unit, TV2, dummy memory unit 

and TV3 for the thermal die array (source of the hot spot) 

 

Figure 5-7a shows a photograph of the complete setup used, in which the 3D-foam is 

compressed directly between the test chip and the heat sink (marked here with an arrow). 

The 3D-foams were first placed in their uncompressed state onto the chip and then 

compressed down via the weight of the heat sink. Two types of test chip where used, 

one where the heating element is exposed (denominated as “no overmold”, Figure 5-7b) 

and another where the heating source is covered with a mold (denominated as “with 

overmold”, Figure 5-7c). The difference between the two is that in the former case, the 

performance only depends on the material itself (thus a direct evaluation of the heat 

spreading capabilities of the material), whereby for the latter, it is a more application-

related situation where the performance is also affected by the low conducting overmold 

material, since the heat has to first go through it before being transferred to the TIM and 
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then to the heat sink. As such, measurement with overmold would result in an overall 

reduction of the heat extraction performance. Besides the 3D-foams, other standard 

TIMs were evaluated in order to benchmark the performance.  

 

Figure 5-7. (a) 2.5D test setup used; (b, c) top view of the chip used, with and without 

overmold on the heater section, respectively 

 

Figure 5-8 shows the obtained results, 3D-BN is being compared directly with other 

electrically non-conducting TIMs and 3D-C with other electrically conducting TIMs. 

The graphs show the increase in temperature at the junction of the chip to the ambient 

as a function of applied power. All materials tested have a linear character, whereby the 

slopes drastically change between materials. Comparison of the curves shows that the 

3D-foams perform with higher efficiency: the change in temperature measured shows 

that 3D-foams are able to maintain the device at a lower operating temperature. The 

slopes of the graphs are enlisted in Table 5-2 together with the achieved improvement 

over the standard TIMs tested. It can be seen that in all these cases, the 3D-foams 

achieve a significant decrease in its temperature differential; for instance, 3D-BN is able 

to maintain the chip 10% and 25% cooler than its commercial electrically insulating 

counterparts with and without overmold, respectively (this is equivalent to 15.06°C and 

23.6°C less heat at the point of maximum power applied during the test), and 3D-C 

achieves 12% and 42% improvement over its electrically conducting counterparts, 
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equivalent to 12.56°C and 39.85°C less heat at 4.4W, for the overmold and non-

overmold case, respectively. 

 

 

Figure 5-8. Obtained results, grouped according to device used and electrical 

conductivity characteristic, mean error deviation ±0.19˚C 

 

Table 5-2. Temperature increase slopes for various materials tested with the 2.5D 

platform 
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 Table 5-3 compares the obtained results with values reported by other thermal 

management materials tested on different test-platforms from literature. It must be noted 

that the reported values in these examples were obtained without the use of overmold 

on top of the hot spot. It can be seen that for such cases, the 3D-foams outperform other 

materials, paired with better applicability (e.g. one of the alternative approaches which 

achieved the highest temperature decrease of 20°C, using exfoliated graphene quilts,228 

is still 4°C lower than 3D-BN and 24°C lower than 3D-C, and it requires a precise 

control over layer number, exfoliated size and location, which is difficult to achieve).  

 

Table 5-3. Comparison of hot spot temperature decrease of different materials 

a)Use of overmold on top of the hot-spot 
b)Use of heat sink on top of the hot-spot 

 

The compression with the heat sinks is sufficient to compress down the 3D-foam to 

conform to the surface profile, but it does not yield maximum compression. 

Material Achieved temperature 

decrease of hot spot 

Remarks Test platform Ref. 

CVD-

Graphene 

heat spreader 

ΔT~ 13°C  

at 0.0156 to 0.624 W 

Application of graphene not very 

practical (requires PMMA transfer 

to platform, then hot acetone to 

remove PMMA) 

Pt micro-heater, temperature 

determined from measured 

resistance 

229 

Graphene 

paper 

ΔT ~ 24-18°C  

(from thermal camera image) 

Orientation of films only parallel to 

platform 

Samples suspended above an 

iron head, temperature 

recorded through IR camera 

212 

Exfoliated 

graphene 

quilts (few-

layer 

graphene) 

ΔT = 20°Cb) Layer number, exfoliated size and 

location are difficult to control 

through exfoliation  

AlGaN/GaN HFETs, ∆T 

determined from 

temperature-dependent shifts 

in Raman peak positions  

228 

Layered h-

BN film 

ΔT = 20°C Not freestanding, requires acetate 

cellulose support, polycrystalline 

BN 

Micro-heater configuration, 

temperature recorded through 

IR camera 

230 

Graphene-

based film 

with addition 

of silane-

functionalize

d molecules 

ΔT ~ 6-12°Cb)  

at 2.52 W 

Material only oriented in parallel Pt micro-heater, temperature 

determined from measured 

resistance 

231 

3D-foam ΔT ~ 15°Ca)b)/24°Cb) (3D-BN) 

ΔT ~ 23°Ca)b)/40°Cb) (3D-C) 

at 4.4 W 

Orientation of structure isotropic, 

improved thermal conductivity out 

of plane, thus heat is extracted, 

rather than spread along the film 

Thermal test die, temperature 

determined through internal 

diode voltage 

This 

work 
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Nevertheless, this is sufficient enough to obtain enhancement of heat extraction. Besides 

showing the outstanding performance of the 3D-foams, these results also highlight that 

heat-spreading performance not only depends on the thermal conductivity of the 

material used, but also on the surface conformity. For example, the metal foil’s 

performance was comparable to the ceramic filled elastomer, even though their thermal 

conductivities differ by more than 50 Wm-1K-1 (i.e. the thermal conductivity of the 

elastomer is of 3.3 Wm-1K-1, Sn/Au foil is of 57 Wm-1K-1). Moreover, since the purpose 

of the TIM is to displace any micro and/or macroscopic free space voids in between 

interfaces to improve heat conduction, any inclusions beyond the size of these gaps 

would be redundant and eventually lower the overall interface thermal conductivity.  

To further analyze the correlation between surface roughness and the optimized 

thickness for TIMs, tests with 3D-foams of varying thickness were performed on the 

mold and heat sink with different surface roughness. The same setup of Figure 5-7 was 

used, with heat sinks of different surface roughness, namely R1, R2 and R3, being 

applied. A total of three heat sinks (the surface profile of each heat sink is shown in 

Figure 5-9a-c) were tested and for each heat sink, 4 different initial thicknesses of 3D-

C were tested (i.e. initial thickness of 1 mm, 2 mm, 5 mm and 10 mm before being 

compressed and conformed to the interface). 

 

 

Figure 5-9. Surface roughness profile of the three heat sinks used 

 

Figure 5-10 shows the obtained graphs of temperature increase and Figure 5-11a 

shows the obtained results plotted as a function of initial thickness of the 3D-foam. 
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Interestingly, it can be seen that an initial thickness of 2 mm is enough for all cases to 

achieve an effective heat extraction (i.e. in the most roughened heat sink, the 2 mm result 

is nearly identical with the 5 mm and 10 mm result). 

 

 

Figure 5-10. Corresponding results obtained using the test setup from Figure 5-7, mean 

error deviation ±0.21˚C 

 

 

Figure 5-11. (a) Experimental results for different surface roughness measured at 4 W 

as a function of starting thickness of the 3D-foam; (b) theoretical results for different 

surface roughness and trend of the temperature increase measured at 4 W 

 

This can be explained as follows: as mentioned previously, the 3D-foam will fill all 

free space gaps between the mold and the heat sink. The resistance of the interface is 

thus the bulk resistance of the 3D-foam R3D given by: 232 

𝑹𝟑𝑫 =
𝒕𝒆

𝒌𝟑𝑫(𝒕𝒆)
        (5-2) 

where te is the effective thickness of the 3D-foam between the heat sink and the mold, 

k3D is the thermal conductivity of the 3D-foam which is also dependent on the effective 
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thickness. The Bruggeman assumption gives the relation between the thermal 

conductivity and the porosity, which also depends on the thickness: 232  

𝒌𝟑𝑫 = 𝒌𝑮(𝟏 − 𝒇(𝒕𝒆))𝟑/𝟐       (5-3) 

with f the porosity and kG the thermal conductivity of bulk 3D-foam (i.e. 86 Wm-1K-1 

according to the value obtained previously at maximum compression). When the heat 

sink compresses the 3D-foam on the mold, it fills all the free space gaps between the 

two mating surfaces; however, unlike the previous case with Si–Si, the mold is soft and 

will compensate the non-flatness of the heat sink, which means that the thermal interface 

resistance is only affected by the surface roughness and the minimum thickness of the 

3D-foam tmin. Due to this, it is possible to correlate the impact of the 3D-foam’s effective 

thickness with the behavior of the thermal resistance for a given surface roughness: by 

combining relations (5-11) and (5-12), the calculation of the thermal resistance of the 

interface is computed in Figure 5-11b according to the initial 3D-foam thickness for 5 

different roughness tr (4, 8, 10, 15, 20 µm). The values of the effective thickness te = 

tmin + tr (addition of the minimum thickness reachable by the film with the surface 

roughness) used are summarized in Table 5-4. 

 

Table 5-4. Calculation of the thickness for the study of the evolution of the interface 

thermal resistance of 3D-C 

Initial thickness of the 3D-

foam tinit (mm) 

Minimum thickness tmin (μm) (cf thermal boundary 

section for the calculation method) 

te for an example roughness of 4 µm 

(te = tmin + tr)   

0.5 2 6 

1 4 8 

2 8 12 

5 21 25 

10 43 48 
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With this relation, it can be observed that for very thin thickness the thermal resistance 

is very high, which then continues to decrease until an optimal thickness is reached. This 

optimal thickness point is schematized in Figure 5-12, whereby the 3D-foam nicely fills 

in the free space gaps without creating any additional spacing between the heat sink and 

the mold (thickness/gap width δ ≈ 0). This optimal value is achieved with an initial 

thickness of 2 mm for the three cases of surface roughness tested here. Beyond this 

optimal thickness, compression of thicker 3D-foams leads to two simultaneous effects, 

namely the compression of material at the edge of the grooves (which leads to the 

addition of extra-material between the two mating surfaces, δ >> 0) and to a higher 

compression level of the 3D-foam inside the gap (as can be seen by comparing the SEM 

images in Figure 5-12). Since a higher compression level inside the grooves leads to 

lowered thermal interface resistance, but at the same time the addition of material 

between the surfaces increases it, the two opposing effects sum up to an overall less 

linear increase of thermal interface resistance. This becomes evident in the case for R2, 

 

 

Figure 5-12. Schematic of the gap adaptability of the 3D-foams to illustrate the effect 

of using 3D-foams with ideal thickness and larger thickness 
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where the 5 mm 3D-foam achieves a similar performance as the 2 mm 3D-foam, since 

the slight addition of extra material between the surfaces is balanced off with an 

increased level of compression inside the gaps. The same applies to the case for R3 

sample with the 10 mm thick 3D-foam. This is why in Figure 5-11, the 2 mm 3D-foam 

achieves optimal thermal interface resistance results up to a surface roughness of 10 um 

and slightly thicker 3D-foams do not change this performance. It must be noted that 

experimental and theoretical values match, and the optimal thickness for each surface 

roughness can be reliably predicted.  

5.4 Electrically insulating adhesion 

For the case of TIM with adhesion, the hybridization of 3D-foam with silanes (short 

covalently bonded organic molecules) is used. The silane molecules form a self-

assembled monolayer (SAM) onto the 3D-foam and the substrate. These SAMs consist 

of a head group, molecular backbone and a terminal end group. The head is the one with 

the affinity towards the substrate and can be tailored according to specific metals, oxides, 

and semiconductors.233 Since it is known that the phonon heat transport across an 

interface is directly controlled by the strength of the bonding layer,234, 235 as well as the 

phonon spectra match (acoustic match) of the materials at the interface,236, 237 SAMs are 

the “thermal glue of choice” as they have shown to achieve covalent bonds (stronger 

than Van der Waals bonds).238 Covalent bonds have been proven to increase the 

efficiency of heat transfer between interfaces since they introduce additional thermal 

pathways through their functionalized molecules.239 Within the class of SAMs, silanes 

are the gold-standard for thermal bonding purposes, due to their simple chemistry and 

multifunctional nature, which make them able to easily bind two different substrates.239 

The advantage of using silanes for thermal bonding was reported for the following cases:  
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Liquid interface – acting as bridge for the vibrational mismatch between gold and 

polymer and thus enabling efficient resonance-like thermal transport.236 Gaseous 

interface – it was shown that SAMs maximize the heat exchange between solid and gas 

interface, which is important since single phase gas cooling is the dominant thermal 

management technology.240 Solid interface – prominent examples for this case are other 

materials of the carbonaceous family, since for them, despite their high thermal 

conductivity values, their great promise as thermal material has been difficult to 

translate into actual high performance heat extraction.166 The most prominent example 

are CNTs – CNT interfaces bridged with covalent linkers exhibit drastically increased 

thermal transport and mechanical interface adhesion over unmodified CNT adhesion to 

metals through only van der Waals interactions.166, 241, 242 In one example, the paste was 

used to adhere vertically aligned multi-walled CNT forests to Cu oxide. This 

functionalization achieved a 9-fold reduction of thermal contact resistance over the non-

functionalized contact. This lead to CNT-based TIMs with thermal resistances of 4.6 ± 

0.5 mm2KW−1 which is comparable to conventional metallic solders.243 Another 

example of the carbonaceous family is graphene – for which functionalization was 

shown to constrain the cross-plane phonon scattering. This in turn recovered the flexural 

phonon lifetime and enhanced in-plane heat conduction of bonded graphene.239 Other 

examples of successful bonding between solid interfaces relevant for thermal 

management are dielectrics – through introducing a strongly bonding organic layer at 

the metal/dielectric heterointerface enhanced interfacial thermal conductance was 

achieved. This leads to strong interfacial bonding (i.e. values as high as 

430 MW m−2 K−1) and changes in the vibrational density of states near the interface. 

This was shown for Cu-silica, Au–titania and Au–SiO2.
244 And finally, organo-silanes 

were also successfully used to bond TIMs to their release layer.245 
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5.4.1 Material preparation and characterization 

For electrically insulating TIM with adhesion, both 3D-C and 3D-BN can be used, 

since in both cases the silane renders the foam an electrically insulating coating (ρ = 770 

± 10 Ω.cm).  

Adhesion is added via silane hybridization (described in section 4.4.2). The silane (3-

aminopropyl) trimethoxysilane (APS) is used for all the herein described tests, since it 

contains three pure –OCH3 groups without any additional functional groups and would 

thus provide an efficient bonding without dangling side-bonds. 

5.4.1.1 Bonding test 

In order to quantify the bonding strength of the materials, a sandwich of Si–3D-foam–

Si (Al–3D-foam–Al, Cu–3D-foam–Cu) pasted onto the parallel holders of an Instron® 

mechanical tester is used. A tensile strain force ramp is then applied to tear apart the Si 

wafers. For sample preparation, the 3D-foam is first placed on one of the Si wafers, the 

electrically insulating paste is then dripped onto the foam. Subsequently the second 

piece of Si is placed on the (still wet) foam. Afterwards, the sandwich structure is dried, 

while compressed down to its minimum thickness. Similarly, samples with only paste 

were prepared by applying the same compression force.  

5.4.2 Thermal Performance  

Table 5-5 summarizes obtained results in terms of efficiency drop. The measurement 

of two bare stacked Si wafers clearly demonstrates the importance of the middle layer: 

the presence of air in between the layers tremendously decreased the overall thermal 

conductivity by more than 70%, even though the surface roughness was minimal and 

only a small fraction of air was trapped at the interface. This decrease even further 
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increased to 87% when the air gap was bigger (i.e. the roughened Si case). The results 

clearly show the obtained improvements with 3D-foam TIMs over commercial TIMs; 

even without adhesion, the thermal conductivity of Si is preserved by more than 80%, 

while the commercial TIM loses almost 60% of the thermal conductivity. The adhesion 

further improves the performance of 3D-foams and achieves full preservation of the Si 

thermal conductivity. This is even applicable for the roughened Si case, since the 3D-

foams are able to conform to the surface roughness, as already shown in section 5.3.3. 

The measurements performed with the different metal foils demonstrate the versatility 

of the adhesion towards different types of surface. The affinity towards the metal can be 

further enhanced by using silanes with different head groups, with higher affinity 

towards the specific metal. It must be noted that also here, the 3D-BN case is generally 

lower than its 3D-C counterpart (due to the difference in phonon modes, impurity levels, 

etc.) and also due to its higher chemical inertness, which leads to less binding sites 

between silane and 3D-BN than for 3D-C. Contrastingly to previous work on silane- 

 

Table 5-5. Thermal efficiency for electrically insulating adhesive 3D-foams 

 

 

 

 

 

 

 

Structure Efficiency decrease 

(i.e. deviation from ideal single layer case) 

Si-air-Si -71.5% 

Si- 3D foam TIM-Si (non-adhesive) -17.7% 

Si-commercial adhesive TIM-Si -57.5% 

Si-adhesive 3D foam TIM-Si -15.4% – 0% 

(BN – C) 

Si,r-air-Si,r -87% 

 

Si,r-adhesive 3D foam TIM-Si,r -0.07 – 0% 

Cu-air-Cu -99% 

 

Cu-adhesive 3D foam TIM-Cu -50% – -15%  

Al-air-Al -99% 

 

Al-adhesive 3D foam TIM-Al -40% – -20% 
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carbonaceous material, due to the interconnection of the foam, the results for 3D-foam 

are isotropic (e.g. aligned compressed graphene papers were reported to suffer from a 

huge anisotropy, even when incorporating the SAM, with k∥/k⊥ = 69.3 at 25 °C)246. It 

must be also noted that the silane layers are not suitable to be used as stand-alone 

interfacial SAM between solid-solid junctions, as they are a class of interfaces with very 

low thermal conductance.247 Even though it is still being debated on how the chain 

length changes the overall conductance (i.e. theoretical calculations in 2003 by Segal et 

al. reported an independent conductance for chain length of N>15, while for N=2-4 an 

unexpected rise was seen,248 in 2006 Wang et. al. measured experimentally no 

dependence on chain length at all,247 in 2010 Hu et al. using molecular dynamics 

simulations saw indications that interfaces with longer chains have higher 

conductance,235 in 2013 Markussen et al. reported phonon interference as a function of 

SAM thickness obtained through calculations,249 and finally, there was a measured 

length dependence by a factor of 3, with an optimum of ~25 pW/K with 4 carbon atoms, 

by Meier et al. in 2014250), it can be concluded that overall, when used as the linking 

point between TIM and substrate, the temperature gradient inside the SAM is negligible, 

since it consists of highly aligned short (i.e. only long enough to provide a covalent bond 

between TIM and substrate) chains, which provide a quasi-one-dimensional thermal 

transport in each chain.236 If the SAM chains become longer, the overall interface 

thermal conductance increases, since long SAM chains (N>12) are more flexible and 

would start to bend and become disordered and thus have a finite thermal resistance. 

 

5.4.3 Bonding strength 

Figure 5-13 shows the force that is required to yield detachment for each sample. Pure 

3D-foam does not stick on any surface in general. Pure APS is a strong adhesion 
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promoter, which will only detach at a force of 31.44 N. When used in conjunction with 

3D-foams, the force decreases to 10.2 N for Si, 17.6 N for Al, 12.1 N for Cu, which is 

due to the foam itself, since even though it is reinforced by APS, it is still able to tear 

apart. Nevertheless, the strength achieved is much higher than for usual TIMs (e.g. the 

adhesive TIM described in251 detaches at ~6N, and the one in166 at ~4 N) .  

 

 

Figure 5-13. Mechanical detachment of 3D-foam TIMs with electrically insulating 

adhesion 

 

5.5 Electrically conducting adhesion 

Conventional metal TIMs ensure high thermal conductivity and exhibit good solder 

and wetting properties after reflow, which leads to low thermal interface resistance.180 

Thus, the incorporation of metals into the 3D-foam is the chosen method to add 

electrically conducting adhesion. 

5.5.1 Material preparation and characterization  

Only 3D-C is used for electrically conducting TIM with adhesion. To obtain a 

homogeneous hybrid of solder and foam, the process of metal hybridization described 

in 4.4.1 is used. For the following experiments, Sn was used as intermixing metal. The 

process is also applicable to other metals and metal alloys. It must be noted that the 
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hybrids CTE only depends on the metal chosen, thus for final application, the CTE 

requirement can be fulfilled by adapting the metal.  

Similar to the electrically insulating case, important parameters evaluated are thermal 

performance and bonding strength. Sample preparation for the bonding test is modified 

as follows: 3D-C=Sn foam is sandwiched between Sn foil, which in turn is sandwiched 

between the Si. This is then heated up beyond the soldering temperature of Sn while 

applying compression. Samples with only Sn (of same thickness) are prepared using the 

same method for comparison.  

5.5.2 Thermal performance 

Table 5-6. Thermal efficiency for electrically conducting adhesive 3D-foams 

Structure Efficiency decrease 

(i.e. deviation from ideal single layer case) 

Si-air-Si -71.5% 

 

Si- 3D foam TIM-Si 

(non-adhesive) 

-17.7% 

 

Si-commercial adhesive TIM-Si -57.5% 

 

Si-reflown Sn-Si -15.4% 

 

Si-reflown 3D C=Sn-Si -0% 

 

Si-reflown 3D C-Si -61.5% 

 

 

Results of the efficiency drop of the electrically conducting adhesion are shown in 

Table 5-6. It can be seen that pure reflowed Sn solder is not able to fully preserve the 

thermal conductivity, while the hybrid of functionalized 3D-C=Sn with reflowed Sn is 

able to provide a lossless transfer of heat. It must be noted that the same amount of Sn 

foil was used for the pure sample and the 3D-C=Sn sample. Also, for comparison, a 

normal 3D-C was reflowed with Sn foil, which resulted in a decrease of more than 60% 

of the ideal thermal conductivity with no adhesion. These results highlight, firstly, the 
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need of the chemical functionalization step of 3D-C in order to have a good thermal 

pathway from solder to 3D-foam; secondly, the achieved improvement over bare 3D-

foam when adhesion is added and lastly, the superior TIM qualities of the hybrid 3D-

C=solder even over pure solders. Latter observation is due to an increase in surface 

conformity properties. 

 

5.5.3 Bonding strength 

 
Figure 5-14. Mechanical detachment of 3D-foam TIMs with electrically conducting 

adhesion 

 

Figure 5-14 shows the force that is required to yield detachment for each sample. It 

can be seen that pure reflowed Sn solder does not provide good adhesion. Sn intermixed 

with 3D-C on the other side, increased the strength from 0.5 N to 3.74 N. This is due to 

the refined structure of the 3D-materials (nm regime),20 in which it is few orders smaller 

than the surface roughness of the Si wafer, which allows an increase in contact area and 

thus better adhesion (i.e. pure Sn is too flat). This is also the reason for the improved 

performance in the previous thermal test. Contrasting to the APS case, here the solder 

provides a solid backbone to the 3D-C, which prevents it from tearing apart. 

5.6 Extension to gap-filling applications 

Similarly to consumer electronics,181, 183 electronics in the automotive environment 

(ambient temperatures from -40° to +200°C)252, 253 and other harsh environment 
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electronics, such as the downhole oil and gas industry (with operating temperatures up 

to +150°C and +200°C, respectively) and avionics industry (with ambient temperatures 

from -55°C to +200°C)254 are experien cing a higher demand in performance (i.e. faster 

processors, more functions, higher bandwidths) while becoming more compact and 

smaller.255, 256 This leads to a drastic increase in power densities and heat dissipation 

rates (e.g. values as high as 100 Wcm-2 for commercial and 1000 Wcm-2 for military 

high power electronics are soon to be reached).257 With this, also the thermal 

management problem in harsh environment application has become increasingly 

severe.255 Despite the improvement achieved for thermal management solutions in 

consumer electronics,182, 187, 201 those thermal solutions cannot be directly applied for 

harsh environment applications, since the gaps to be filled are thicker (in the order of 

millimeters, which is much larger than that for TIMs used in electronic device 

applications), sometimes complexly wound in random directions,258 the ambient and 

operating temperatures are higher and additional exposure to shock, vibration and 

sometimes even spillage are common additional difficulties encountered.253-255  

Due to the compressibility of the 3D-foams, the final thickness achievable after the 

compression step is limited and in the µm range and can thus not be directly applied for 

gap filling applications. One way to achieve increased thickness is by infusing the 3D-

foams with polymers. The polymer backbone provides a robust support for the 3D-foam, 

enhances flexibility and handling, and prevents the 3D-foam from total compression.17, 

21 Even though there have already been reports on the infiltration of 3D-foams with 

polymers for thermal-related applications,110-112 their achieved electrical conductivity 

and thermal properties are drastically decreased (i.e. none of the reported values is 

nearly the 60 Wm-1K-1 of the bare compressed foam). More compelling, additional 

layers of bare polymer below the structure are inevitable using usual polymer-infusion 



Chapter 5: Application in thermal management of electronics 

 

89 

   

techniques, which further lowers the performance and does not allow good surface 

conformity properties.180 Mitigating this problem by increasing the filling fraction of 

the foam is often not successful, since the achieved further increase in thermal 

conductivity is minimal259 and it can yield to loss of flexibility of the polymer.260  

In order to address all these issues and to obtain a high performance thermal gap filler 

material, we developed a new way of infusion of 3D-foams with polymer: the “hairy” 

method. It combines the advantages of both – the infusion process provides mechanical 

support, but at the same time, the intrinsic properties of the 3D-foam are fully preserved 

as well as its surface conformity. This is obtained through infusing only the central layer 

of the foam, as schematized in Figure 5-15. Since in automotive applications elastomeric 

polymers of silicone (such as PDMS) are already used in mountings around motor coils 

of electric vehicles,258 PDMS is the choice of polymer for this work. 

 

Figure 5-15. Schematic of the “hairy” structure of infused 3D-foam with polymer 

 

5.6.1 Material preparation and characterization  

Preparation of samples for this application uses 3D-C for electrical conducting and 

3D-BN for electrical insulating needs, followed by the infusion process described in 

section 4.5.2. For measurements, foams of initial thickness of 2 mm were used, with a 

PDMS coating of 1 mm thickness. Since the more stringent requirement for this 

application is the resilience to vibration, additional Instron® 5567 mechanical tests were 

used in the tensile and compression mode at room temperature to assess the dampening 

properties of the material.  
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5.6.1.1 INSTRON mechanical tester 

For tensile testing, samples of known dimensions were clamped into the mechanical 

tester and then a strain rate of 1 mm/min applied. Tensile stress and strain are determined 

from the applied tensile force over the original specimen cross-sectional area and 

elongation of the sample over its original length, respectively. For compression testing, 

the sample with a specified dimension was loaded at the center of the lower platen, a 

compression rod with 50 mm diameter was then applied onto the sample with a 

controlled speed, and all the compressions were conducted within the confinement of 

the small upper platen. Compressive strain and stress were calculated using the 

displacement of the compression rod divided by the original height of the sample and 

the applied compressive force over the cross-sectional area of the samples, respectively. 

Recoverability of the sample is defined as the displacement recovered over applied 

displacement. The uniaxial compression experimental data was acquired at a loading–

unloading rate of 0.04 mm/min at a strain of 60%. For the “hairy” sample, the exposed 

bare 3D-foam was already pre-compressed, since this is the configuration in the final 

application of gap filler. A total of 100 compression cycles were performed for the 

“hairy” 3D-foam, 10 cycles for the bare 3D-foam. 

5.6.2 Enhanced mechanical properties 

Figure 5-16a shows the tensile stress-strain curves of bare and “hairy” 3D-foam and 

it can be observed that all the samples follow similar trajectories, i.e. linear mechanical 

behavior until an abrupt breaking point. The inset in Fig. 5a shows an enlarged graph of 

the bare 3D-foam tensile stress-strain curve. It can be seen that there are several peaks 

and valleys along the curve, which was previously assigned to the alignment of single 

graphene branches within 3D-C towards the direction of the tensile load.261 Here, this  
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Figure 5-16. (a) Stress-strain curves resulting from tensile stress measurements, (b) 

cyclic stress-strain curves resulting from compressive stress measurements (inset: zoom 

into the 40 to 60% compressive strain region of bare 3D-foam) 

 

Figure 5-17. Mechanical results of bare PDMS and conventional 3D-foam/PDMS 

composite (a) tensile, (b) compression 

 

was also observed for the tensile curves of 3D-BN. The hairy 3D-foam performs with 

much higher breaking elongation as compared to the bare 3D-foam. The as prepared 

bare 3D-foam exhibits high Young’s modulus of 10.5 MPa on account of the 

intrinsically strong graphene domain (graphene has a Young’s Modulus of 1050 GPa)262, 

while it breaks at the strain as low as 1.8%, which is due to the weak van der Waals 

stacking between the domains119 that uncouples easily upon tensile loading. While for 

the hairy 3D-foam, the almost two orders increased breaking elongation at 102% is quite 

outstanding, which is even higher as compared to the bare PDMS and conventional 3D-

foam/PDMS (Figure 5-17). This large increase in strain-at-break is not only attributed 

to the highly crosslinked PDMS chains within the structure which can endure high 
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tensile load,263 but also due to additional free interactions (frictions) between the PDMS 

chains and the graphene domains, which lead to timely dissipation of energy 

accumulated during the tensile loading, postponing the stress concentration induced 

failure. As a result, the well-connected 3D structure and the high intrinsic mechanical 

structure of the graphene domains261 contribute to the increases of both tensile strength 

(from 0.19 to 0.54 MPa, 3-fold increase) and breaking elongation. The remarkable 

tensile mechanical performance of the hairy 3D-foam indicates its outstanding 

flexibility and toughness, which are pivotal for its potential applications.  

To demonstrate the robustness of the “hairy” 3D-foams for gap filler application, 

Figure 5-16b shows the cyclic compressive stress-strain curves of the bare 3D-foam and 

the hairy 3D-foam at an applied strain of 60%. It can be observed that an almost full 

shape recovery was performed by the hairy 3D-foam after first loading-unloading cycle, 

which remains consistent over the long-term compression of up to 100 cycles, showing 

no observable degradations in shape recovery characteristics and properties and 

compressive strength. With only 50% of the total volume of the sample with PDMS, the 

“hairy” 3D-foam was able to perform with a comparable shape recoverability as 

compared to bare PDMS, which makes it capable of providing stable mechanical 

support when serving as thermal gap filler. Contrastingly, the bare 3D-foam deformed 

almost plastically upon continuous compression with only 16% shape recoverability 

(inset of Figure 5-16b) after first compression at a 60% strain, which is followed by 

minute elastic recovery during subsequent cycles as a result of the reversible 

compressions of the compressed portion. The poor resilience of bare 3D-foams is owed 

to the fact that the main effect of compression on 3D-foams is branch and sheet bending, 

in which the excellent in-plane strength of graphene/h-BN is not fully utilized.261 

Furthermore, the weak van der Waals intermolecular interactions at the sheet junctions 
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are unable to produce a reversible recovery of the foam after the release of compression 

loading. These effects lead to the low compressive strength measured. The excellent 

shape recoverability of the “hairy” 3D-foams could be attributed to the excellent 

compressive resilience of the infused PDMS portion and also the bridge-effect of the 

PDMS between separated graphene sheets which strengthens the whole structure.264 

During the compressive loading and unloading, the restacking and agglomeration of the 

graphene domains are hindered due to the existence of the PDMS component, which 

serves as a lubricant that has both glidant and anti-adherent properties. In addition, the 

more effective and efficient load transfer performance of this hybrid structure and the 

elasticity of the PDMS portion collectively contribute to the 70-fold increase in 

compressive strength as compared to the bare 3D-foam (from 0.005 MPa to 0.33 MPa). 

The overall enhancement in compressive mechanical performance of the hairy 3D-foam 

ensures its structural stability upon serving as gap filler (i.e. withstand possible shock 

or vibration). Table 5-7 summarizes all mechanical test results for the bare 3D-foam and 

“hairy” 3D-foam. As mentioned previously, under tensile loading, the bare 3D-foams 

better utilize the high in-plane properties of their constituent 2D-sheets as it aligns 

towards the direction of the load, and thus the tensile strength is orders of magnitude 

larger than the compressive strength. 

Table 5-7. Measured mechanical properties  

 Bare 3D-foam Hairy 3D-foam 

Tensile strength 

(MPa) 0.19 0.54 

Elongation at break 

(%) 1.8 102 

Young’s Modulus 

(MPa) 10.5 0.53 

Compressive 

strength (MPa) 0.005 0.33 

Recoverability  

(%) ~16 ~90 
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5.6.3 Electrical and thermal conductivity 

With regard to the “hairy” foam’s electrical conductivity, since the outer layers are 

completely exposed, they completely retain their electrical characteristics (i.e. 3D-C 

remains conductive with ρ = 1.7 Ω.cm and 3D-BN remains insulating with ρ = 16.0 x 

106 Ω.cm), even during and after bending. This exceeds current best performing 3D-

filler/PDMS composites, for example graphene aerogel in PDMS could maximally 

retain 80% of its electrical conductivity at different bending conditions.265 This also 

applies to the thermal properties of the “hairy” 3D-foams: measurements carried out 

with the “hairs” compressed on both sides of the polymer layer (i.e. after being 

compressed with a force of ca. 24 N) achieved same values as bare compressed 3D-

foams (i.e. ~86 Wm-1K-1 for 3D-C and ~62 Wm-1K-1 for 3D-BN). This is more than two 

orders improvement over previously reported 3D-C/graphene-sheet mixtures (0.7 wt%) 

in PDMS with 0.56 Wm-1K-1,110 and a ca. 50-fold and 60-fold increase over 3D-C in 

epoxy with 1.52 Wm-1K-1111 and 3D-C/graphene flakes in PDMS with 1.08 Wm-1K-1,112 

respectively. The hairy method is also able to surpass other high-performance fillers, for 

example a mixture of PDMS with diamond particles and boron nitride platelets yield 

6.1 Wm-1K-1,258 10-times smaller than the 3D-BN “hairy” foam.  

These results are evidence that the infused PDMS layer in the center of the sample 

does not affect the electrical and thermal transport. This is because the interconnection 

of the foams is maintained within this layer and the outer bare foam layers are not altered 

at all. Thanks to this non-invasive method, the phonon and electron transport still takes 

place on a seamless network and thus the main contribution to the thermal conductivity 

comes from the 3D-foam. Hence, when the foam is in its compressed state (with the 

“hairs” fully compressed), the main contribution to the thermal conductivity comes from 

the bare hairs, and thus the overall thermal conductivity is close to the thermal 
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conductivity of the fully compressed bare foam. This is extremely important for thermal 

gap filling applications, since this means that the generated heat which is in direct 

contact with the bottom layer of the foam can be directly transferred through a larger 

gap into the top layer of the foam which can then be in contact with a cooling section or 

the ambient to release the heat.  

 

Figure 5-18. Surface conformity of the “hairy” 3D-foam: rough surface (a) before and 

(b) after compression with the foam 

 

Thanks to the exposed hairs, also the same surface conformity as reported for the bare 

foams is achieved. The amount of exposure of hairs can be tuned in accordance to the 

surface roughness of the mating surfaces to achieve a seamless contact. Figure 5-18a,b 

show SEM images of a sample rough surface before and after compression with a 

“hairy” 3D-foam on its outer layer, respectively. It can be clearly seen how the foam 

closely follows the contour of the rough substrate. 

5.7 Stability and reliability 

Since the 3D-foams are used as TIMs for electronics, it is important to assess their 

applicability within the entire life span of a device (typical life expectancy of electronic 

equipment is given in Table 5-8). A low-quality TIM would start degrading with time 

and cause an increase in thermal interface resistance and junction temperature of the 

device, and might even lead to failure. This is why it is important to determine the 

stability and reliability performance of the 3D-foam TIMs and to evaluate its life 
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expectancy. In order to provide comprehensive screening, a variety of accelerated stress 

tests are performed. This is to closely represent the possible settings the TIM might be 

exposed to. The three most common stress categories for TIMs are the temperature and 

humidity stress test, temperature/power cycling stress test and high temperature 

storage/bake/soak test.151  

Table 5-8. Life expectancy of electronic equipment266 

Size Equipment Life expectancy 

Small appliances 

 

 

Mobile phone 

MP3 players 

Irons 

Hair dryers 

2 – 3 years  

 

 

Medium size  

appliances 

 

Cleaners 

Refrigerators/freezers 

Microwave ovens 

3 – 6 years  

 

Large appliances 

 

 

 

Electric cookers 

Fridge/freezer 

Washing machines 

Low prices portable TVs 

Higher priced non-portable TVs 

Low priced Hi-Fi systems 

Higher priced Hi-Fi systems 

5 – 10 years 

3 – 6 years 

3 – 6 years 

2 – 5 years 

5 – 8 years 

2 – 5 years 

5 – 8 years 

IT hardware 

 

Desktops 

Laptops 

Tablets 

3 – 4 years 

2 – 3 years 

2 – 3 years 

5.7.1 Tests performed for stability and reliability 

The thermal stability (i.e. TIM operational range) of the 3D-foams was studied via 

TGA (methodology similar to section 4.2.2), which is a method commonly used to 

evaluate TIM’s stability at elevated temperatures.151, 152 The point of 5% mass loss is 

considered the starting point of degradation. Further chemical analysis was carried out 

using XPS. Reliability of the 3D-foams was assessed through temperature cycling and 

elevated-temperature/humidity tests following JEDEC standards. Since the 3D-foams 

are of a very fragile nature, different samples were used for each measurement. All 

samples were cut into the correct size for the measurement, prior to cyclic testing. All 
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samples were grown concurrently to avoid differences caused by batch fluctuations. For 

cyclic testing, the samples were placed together in a tray. 

5.7.1.1 Temperature cycling 

Following JEDEC Standard JESD22-A104D, the 3D-foams ability to withstand 

alternating high- and low-temperature extremes is assessed. Permanent changes in the 

material’s characteristics could result from these mechanical stresses. A single-chamber 

stationary setup was used with -40°C – +145°C as minimum and maximum 

temperatures, with a soak time of 15 min and a ramp rate of 10°C/minute for a total of 

1000 cycles. Samples were taken out for evaluation every 250 cycles. 

5.7.1.2 Elevated-temperature/humidity testing 

Following JEDEC Standard JESD22-4118, the elevated temperature and humidity 

encountered by electronics hardware is simulated and the 3D-foams reliability under 

these conditions evaluated. Set parameters are 85°C at 85% relative humidity for a total 

of 1000 hours. The samples were taken out for evaluation every 250 hours.  

5.7.1.3 Evaluation of reliability 

In order to evaluate the material’s reliability, visual inspection was the first parameter 

observed (SEM), followed by chemical analysis via XPS (section 3.2.5.2) and physical 

analysis through TGA (section 4.2.2) and density measurements obtained by weighing 

a sample of known dimensions with a precision electronic balance (Mettler Toledo).  

5.7.2 Bare foam stability and reliability 

Thermal stability results of the bare 3D-foams are shown in Figure 5-19. The blue 

curve corresponds to 3D-C, which shows that it remains unchanged up to 700°C and 
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that only after this point, it loses 95% of its weight. 3D-BN (green curve) on the other 

side remains stable up to 900°C, and then increases in weight, which is due to the 

oxidation of BN to B2O3 which is heavier in mass. The initial slight decrease of the 3D-

BN mass is due to the loss of hygroscopic water.267, 268 Both results are in good 

agreement with literature.269, 270 It is worth mentioning that typical operating 

temperatures for electronics is of 65 – 85°C for commercial applications, 110 – 120°C 

for military electronic systems, and as high as 175°C for automotive ICs and the upper 

spectrum of military applications (all demarcated in the graph).271 Evidently, both 3D-

foams can withstand all the important operating temperature ranges.  

 

 

Figure 5-19. (a) Thermal stability of the 3D-foams. measured via TGA curves of 3D-C 

(blue) and 3D-BN (green); (b) thermal stability of 3D-C throughout a temperature range 

from 0°C to 200°C, measured through laser flash 

 

To ensure that the thermal conductivity of the 3D-foams remains stable throughout 

the temperature range of electronics, laser flash on uncompressed 3D-C was performed 

from room temperature to 200°C and Figure 5-19b shows the obtained results. It can be 

seen that the thermal conductivity remains stable at ± 10%, which corresponds to 

previously reported values for this type of 3D-foam.20, 119  
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Figure 5-20. (a, b, c) C1s XPS high resolution spectra of 3D-C at different temperature 

ranges, (d, e, f) B1s XPS high resolution spectra of 3D-BN at different temperature 

ranges 

 

XPS analysis was carried out on the 3D-foams after exposure to different temperatures 

in air for one hour from 200°C and up to 720 °C for 3D-C and 920°C for 3D-BN. The 

results are shown in Figure 5-20a-f. For the case of 3D-C, in the range of room 

temperature to 200°C, only a pure graphitic structure was detected, comprised of only 

carbon aromatic groups. Starting at 200°C, an oxidation of 5 – 6% is visible, which only 

slightly increases at 700°C (i.e. the point of mass loss). For the case of BN, a similar 

behavior can be observed; BN oxidizes slightly with increasing temperature, but the 

level of oxidization remains in a low regime of 8 – 17%. This very high thermal stability 

beyond the usual operating temperatures is of great advantage, especially for electronics, 

where the growth in both compactness and performance has increased heat generation 

problems. In particular for electrically insulative TIMs, one of the current challenges is 

their thermal stability beyond temperatures of 120 – 200°C (i.e. polymers degrade under 

such high temperatures,272 grease hardens).163 3D-foams (i.e. 3D-BN for electrically 

insulative TIM) on the other hand are capable to withstand the increasing demands for 

electronics in high temperature environment.  



Chapter 5: Application in thermal management of electronics 

 

100 

   

 

Figure 5-21. SEM images of the 3D-foams after 0, 500 and 1000 thermal cycles from -

40°C – +145°C 

 

Representative SEM images of samples after 0, 500 and 1000 cycles of temperature 

cycling stress test are shown in Figure 5-21. It can be clearly seen that for both cases, 

3D-C and 3D-BN, the morphology of the samples did not change at all, as in there are 

no obvious visible changes observable in the image. The pore size and distribution, as 

well as the outer surface of the walls remain unchanged. 

Table 5-9. Chemical analysis of the 3D-foams after thermal cycling (-40°C – +145°C) 

Cycle 3D-C 3D-BN 

C at% O at% BN at% O at% 

0 95.6 4.4  93.6 6.4 

250 95.2 4.8  93.4 6.6 

500 97.1 2.9 92.7 7.3 

750 96.8 3.2 95.1 4.9 

1000 95.8 4.2 93.9 6.1 

 

Chemical analysis on the samples after 0, 250, 500, 750 and 1000 cycles also did not 

reveal any significant changes. As could be seen in the stability tests, the major possible 

changes occurring to the foams is oxidation, which is why the atomic % composition of 

C and O, and BN and O were extracted from the XPS surveys of 3D-C and 3D-BN, 
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respectively and are summarized in Table 5-9. Even though there is no bonding to O 

detectable in all the C 1s high resolution spectra, there is still oxygen present in the 3D-

C survey spectra due to normal contamination. For the 3D-BN case, as could be seen in 

the stability XPS spectra, there is a small BOXNY portion intrinsically available, which 

is caused by the annealing in air to remove the PMMA. The variation in O content 

between samples is of maximum -1.5 at% and +0.9 at%, which is within the same 

fluctuation seen in the B:N stoichiometry (which also varies from the ideal 1:1 by a 

margin of measurement error of ±1.9 at%), and is therefore negligible. 

Analysis of physical properties of the samples are summarized in Table 5-10. It can 

be seen that the point of mass loss (i.e. degradation) of the 3D-foams measured through 

TGA remains stable throughout the tested range of samples (3D-C with a measured 

mean value of 677.1°C ±17.99°C and 3D-BN with 945.985°C ±15.89°C). The values 

are consistent with typical degradation values reported for such materials269, 270 and the 

error deviation is within the acceptable margin reported for TGA/DSC measurements at 

high temperature.273 The same is observed for the density of the samples; 3D-C has a 

mean density of 1.44 ±0.28 mg/cm3 throughout the range of tested samples, 3D-BN 

6.482 ±0.37 mg/cm3. It can be seen that the values remain consistent without significant 

changes throughout the thermal cycles. 

Table 5-10. Physical analysis of the 3D-foams after thermal cycling (-40°C – +145°) 

Cycle 3D-C 3D-BN 

Point of 

Mass loss 

[˚C] 

Density 

 

[mg/cm3] 

Point of 

Mass loss 

[˚C] 

Density 

 

[mg/cm3] 

0 671.95 1.5 938.725 6.2 

250 697.53 1.3 960.16 6 

500 694.438 1.3 921.675 6.56 

750 663.76 1.2 952 6.8 

1000 657.82 1.9 957.365 6.85 
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The temperature cycling stress tests can be used as a means to test the operational 

lifetime of the 3D-foams, i.e. how many on-off cycles it can withstand. With these 

results, it can be seen that the 3D-foams could withstand over 1000 on and off cycles 

without any loss in material properties. 

Representative SEM images of samples after 0, 500 and 1000 hours of elevated-

temperature/humidity stress test are shown in Figure 5-22. As in the previous case, the 

pore size/distribution and outer surfaces remain unchanged (unchanged morphology).  

 

Figure 5-22. SEM images of the 3D-foams after 0, 500 and 1000 hours of 85°C/85% 

RH exposure 

 

Also in this case, chemical analysis on the samples after 0, 250, 500, 750 and 1000 

hours of exposure did not reveal any significant changes (Table 5-11). The variation 

between samples is maximally of –1.3 at% and +1.0 at%, which is, again, within the 

acceptable margin (i.e. comparable to the variation seen in the B:N stoichiometry). 

Results of the physical analysis are summarized in Table 5-12. The measured point of 

mass loss (i.e. degradation) of 3D-C is at 651.52°C ±15.01°C, for 3D-BN at 922.1°C 

±14.38°C. Again, these values are within the usually reported values for these 

materials269, 270 and, as mentioned before, within the typical error deviation expected for 
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such measurements.273 Similarly to the thermal cycling density results, also in this case 

the values remained stable throughout the exposure. 3D-C has a mean value of 1.68 ±0.3 

mg/cm3, 3D-BN of 5.882 ±0.45 mg/cm3. 

Table 5-11. Chemical analysis of the 3D-foams after 85°C/85% RH testing  

Cycle 3D-C 3D-BN 

C at% O at% BN at% O at% 

0 95.6 4.4  93.6 6.4 

250 98.2 3.8  92.9 7.1 

500 97.7 4.3 94.9 5.1 

750 97.9 5.1 92.6 7.4 

1000 97.7 4.3 93.5 6.5 

 

Table 5-12. Physical analysis of the 3D-foams after 85°C/85% R.H testing 

Cycle 3D-C 3D-BN 

Point of 

Mass loss 

[˚C] 

Density 

 

[mg/cm3] 

Point of 

Mass loss 

[˚C] 

Density 

 

[mg/cm3] 

0 671.95 1.5 938.725 6.2 

250 657.18 1.7 907 5.3 

500 631.59 2.1 909.35 6.21 

750 644.2 1.3 920.741 6.2 

1000 652.68 1.8 934.684 5.5 

 

The elevated-temperature/humidity stress test is considered as an accelerated stress 

test. Such tests are necessary to speed up the “aging” of the material to predict the 

performance at the end of its use (end of life, EOLife, performance). Regression curve 

fitting based on Arrhenius relationships is used in such cases.151 It must be noted that 

the test conditions are artificial and not typical use conditions, to accelerate the 

degradation (to be able to perform the test in a manageable timeframe). From the results 

for the 3D-foams it can be concluded that the samples would stay reliable for at least 
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1000 hr in 85% RH and 85°C. Using formula (5-4), the equivalent time to failure for 

different conditions are extrapolated and listed in Table 5-13.274 

𝒕𝒕𝒇𝒂𝒕 𝑻𝟐𝒂𝒏𝒅 𝑹𝑯𝟐

𝒕𝒕𝒇𝒂𝒕 𝑻𝟏𝒂𝒏𝒅 𝑹𝑯𝟏
= (

𝑹𝑯𝟏

𝑹𝑯𝟐
)

𝒏

∗ 𝒆𝒙𝒑 [
∆𝑬𝒂

𝒌
(

𝟏

𝑻𝟐
−

𝟏

𝑻𝟏
)]    (5-4) 

with ttf time-to-failure, T temperature, RH relative humidity, n an empirical constant = 

3, ΔEa empirically found energy activation for failure mechanism = 0.9 eV and k 

Boltzmann’s constant = 8.62 x 10-5 eV/K.  

Table 5-13. Equivalent lifetimes to 1000 hr in an 85°C/85 RH test 

Temperature 

[°C] 

RH 

[%] 

Time to failure ttf  

[hr]  

85 85 1000 = 6 weeks  

25 40 3801600 = 434 years (office conditions) 

35 95 89000 = 10.15 years (jungle conditions) 

60 40 90000 = 10.3 years (consumer electronics) 

130 40 351 = 15 days 

 

With these values, it is possible to estimate the shelf life, as well as operational 

lifetime of the material if constantly in use. For 3D-foams, the shelf life under normal 

office conditions would thus be of at least 434 years, under very humid conditions (such 

as those encountered in Singapore), at least 10.15 years. 3D-foams would withstand an 

operational lifetime of at least 10.3 years in consumer electronics kept constantly on 

(which far exceeds the expected lifetime of the electronic itself) and 15 days in military 

electronics kept constantly on at maximum power. 

5.7.3 Adhesive foam stability and reliability  

In order to determine the stability of the adhesive types of 3D-foam at high 

temperatures, Figure 5-23 shows their TGA curves. Also here, the slight decrease at the 

beginning is due to the loss of hygroscopic water.267 It can be seen that the electrically 
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insulating adhesive remains stable up to ~430°C, and the electrically conducting 

adhesive up to ~380°C. This is still far beyond the limits of current TIMs, which only 

withstand up to 120 – 200°C.  

 

Figure 5-23. TGA curves for adhesive 3D-foam TIMs 

 

Since it has been shown that the 3D-foams have a shelf life of over 10 years under 

“jungle” conditions as well as at least 10 years of operational life time in consumer 

electronics, the reliability of the adhesive 3D-foams is mainly constrained by the 

adhesives themselves. For silane, (e.g. APS), according to the manufacturers website, a 

shelf life of 5 years under ambient conditions is suggested.275 Similarly, most 

manufacturers of solder suggest a shelf life of 2 – 3 years under ambient conditions.276   

Thermal cycling of silane showed failures in bonding after 50 000 cycles from +4°C 

to +60°C;277 aging tests in water at 94°C revealed an increase in resistance to cyclic 

fatigue which actually strengthened the bond strength.278 

Temperature cycling of Zn/30Sn, Au/20Sn and Pb/5Sn solder joints was tested for up 

to 2,000 cycles from -40°C to +125°C,279 which are considered harsh conditions for 

electronics equipment. Results showed that Au/20Sn was able to maintain 90% of the 

initial shear strength after 2,000 cycles; degradation was observed for the other two 

joints after 500 cycles. The modes of degradation were however very different for the 
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two: Pb/5Sn failed due to severe cracking inside itself, Zn/30Sn formed cracking inside 

the intermetallic layer on the substrate side. This indicates that Zn/Sn can be improved 

through inserting a suitable barrier layer, while this cannot be applied for Pb/5Sn. These 

results highlight that Au/20Sn is one of the best choices as high-temperature solder and 

it does not require any barrier coating on the substrate.280 It must be also noted that for 

metallic adhesion, moisture absorption is not a significant issue, unless when different 

metals are directly in contact (galvanic corrosion).180 For example, exposure of lead free 

solder Zn-Sn to 85°C/85%RH for up to 1,000 hours showed stable results, even in severe 

humidity.279  

5.7.4 PDMS-reinforced foam stability and reliability  

 

Figure 5-24. Thermal stability measurements of the “hairy” foams through TGA 

 

Even though the 3D-foams can withstand temperatures as high as 700°C and 900°C,  

polymers are known to be prone to structural changes at elevated temperatures (i.e. 

above the glass transition temperature Tg, the polymer changes, usually hardens), which 

could cause CTE and performance problems.180 In order to corroborate the applicability 

of the “hairy” foams for harsh environment thermal management needs (i.e. ambient 

temperatures in the range of 200°C), its thermal stability was assessed. TGA curves of 



Chapter 5: Application in thermal management of electronics 

 

107 

   

“hairy” 3D-C and 3D-BN are shown in Figure 5-24. It can be seen that both the curves 

follow usual decomposition lines of bare PDMS,281, 282 with a decomposition 

temperature at around ~330°C. This remains well above current TIM limits163 and could 

thus be used for harsher and more demanding environments, such as electric motors. It 

must be noted that PDMS is a polymer with intrinsic good environmental stability.283 

Thermal cycling tests previously reported284 revealed that PDMS can survive in air for 

long periods at 200°C and for short periods at 250°C without degrading. It also retains 

its flexibility at temperatures down to -45 – -55°C.285 

5.8 Summary 

In this chapter, different variations of 3D-foams were studied for the use of high-

performance TIMs. First, the 3D-foams in their bare state have been investigated. 

Studies were carried out on 3D-C and 3D-BN with varying densities, in order to cater 

for different electrical conduction application needs. Results for the high-density 3D-

foams have shown that high thermal conductivities across the plane direction in the 

range of 62 – 86 Wm-1K-1 are achieved. This is a 14- and 30-fold increase over their 2D 

counterparts, 300 – 800 times higher than standard TIMs and a 10-fold increase over 

recent reported TIMs that are comprised of other nanomaterials (such as graphene 

laminate, graphene and h-BN paper). In addition, due to the compressible nature of the 

3D-foams, a superior surface conformity was revealed. Direct comparison of the 3D-

foams to other state-of-the-art TIMs has shown improved cooling performance by 20 – 

30% (a drastic decrease of chip temperature on a 2.5D test platform from ca. 95°C to 

51°C for 3D-C and to 71°C for 3D-BN at an applied power of ~5 W was measured, 

which is 20% colder than any of the commercially available TIMs tested on the same 

platform, i.e. Sn/Au). Comparison to other results from literature also revealed the 
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superior qualities of the 3D-foams (e.g. highest values for alternative heat spreaders 

currently under research range around ΔT ~ 13°C for a CVD-graphene heat spreader,229 

ΔT ~ 6 – 12°C for a graphene-based film with added silane-functionalized molecules,231 

and ΔT ~ 20°C for exfoliated few-layer graphene228). This is a significant decrease, since 

it is known that the decrease of hot spot temperature on chips by 20°C extends the 

transistors lifetime by one order of magnitude.228 It must be also noted that for most 

alternative materials currently under research, the cooling down of the hot spot is via 

the distribution of the heat throughout the film in the in-plane direction and not by 

extracting it upwards (to a heat sink). At equilibrium, such spreading of the heat would 

keep the entire chip at elevated temperatures and defeats the purpose of maintaining the 

chip below a safe operating region.33 Contrastingly, for 3D-foams, their outstanding 

thermal conductivity in the cross-plane direction and their thin thickness (which will 

fasten up the heat transfer upwards, rather than lateral), makes them thus ideal 

candidates for solving current thermal management needs.  

These overall enhancements in thermal performances are due to the isotropic thermal 

behavior given by the initial foam-like, interconnected structure, which is contrasting to 

usual nano-TIMs, where only weak Van der Waals forces ensure the contact between 

layers, and thus hindering good phonon transport.  

To further provide versatility and applicability to different applications, the 3D-foams 

were further developed to include adhesion. Also in this case, it was catered for both, 

electrically insulating and electrically conducting cases through developing two 

different kinds of adhesion. In order to also develop the 3D-foams for thermal gap filling 

application in harsh environment, they were further developed to be able to fill larger 

gaps and withstand vibration. For this, a new way of infusing polymer into 3D-foams 

was developed which leaves the outer parts of the 3D-foam still exposed. This method 
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proved to be a very good method to re-enforce the bare 3D-foam structure, since it 

rendered an increase in tensile strength by ~185%. At the same time, this method allows 

to fully retain the electrical and thermal characteristics of the foams (electrical resistivity 

of 1.7 Ωcm for 3D-C and of 16.0 x 106 Ωcm for 3D-BN, thermal conductivity of ~86 

Wm-1K-1 for 3D-C and ~62 Wm-1K-1 for 3D-BN), since it is a non-invasive way of 

infusion which preserves the networked and interconnected structure of 3D-foams. 

These foams were further characterized according to thermal gap filler needs, which are 

the compressibility/dampening properties, as well as thermal stability. It was shown that 

the “hairy” foams provide a restorative force (i.e. can act as a spring), with a 

performance similar to bare PDMS, which is the material currently being used for such 

purposes.  

In a final step, the reliability and stability of all presented variations of 3D-foam TIMs 

has been assessed. It was shown that the bare 3D-foams can withstand temperatures up 

to 700 – 900°C without any chemical changes, which is at least 500°C above current 

available TIMs, and stay reliable (without any chemical or physical changes) even after 

1000 thermal cycles (from -40°C to +145°C) and 1000 hours at elevated-

temperature/humidity (85°C/85% RH). For the modified versions of the foams it has 

been shown that all of them are able to withstand temperatures at least as high as 380°C 

for a minimum period of 3 years.  

The availability in both electrically conducting and insulating mode, combined with 

the high cross-plane thermal conductivity and excellent surface conformity, lets these 

3D-foam combine the advantages of both metallic TIMs (i.e. high thermal conductivity) 

and polymeric/adhesive-based TIMs (i.e. good surface conformity). These advantages 

would allow electronics to be driven towards a higher power regime and enable a closed-

form solution33 for future electronics device package. 
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6 Application as improved flexible substrate 

6.1 Introduction 

Flexible electronics technology provides a non-rigid and versatile platform that 

extended many conventional electronics into a large diversity of novel applications  

through the transfer of the currently available processes and components onto flexible 

platforms (some examples are the bionic eye,286 optic nerve,287 flexible battery,288 

conformable RFID tags,289 displays290 and touch screens291). Among those platforms, 

polyimides (PIs), being known for their high thermal stability, high modulus of elasticity 

and tensile strength, ease of fabrication and moldability, have become the material of 

choice and demonstrated its application in various organic and flexible electronics, 

including dielectrics for high speed signal transmission, packaging (encapsulation), 

membrane materials and shielding materials/coatings.172, 292 However, PI suffers 

drawbacks from its low thermal conductivity and electrically insulative nature.293 For 

instance, its low thermal conductivity has resulted in a heat dissipation challenge for 

flexible high power electronics (for comparison, the thermal conductivity of crystalline 

Si is in the range of 100 Wm-1K-1 294 whereas PI is in the range of 0.24 Wm-1K-1 295). 

This drastic difference in their thermal dissipation capability bears heavily on the 

designers of flexible devices. Inevitably, the performance of these devices will need to 

throttle down to reduce power consumption in order to decrease the heat generated by 

their operation.  

One way to mitigate this issue is to infuse higher thermal conductivity materials into 

the polymer matrix to improve its overall conductivity. Recently, there is a growing 

interest to use highly thermally conductive nanomaterials as nanofillers for infusing into 

the matrix. Nanomaterials such as graphene,260, 296 carbon nanotubes297, 298 and metallic 
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nanoparticles299 are common fillers for these purposes. Although improvements of the 

overall conductivity can be obtained using this approach, there are still considerable 

challenges, such as inhomogeneous distribution of the nanofiller within the polymer 

matrix, aggregation and low filling fraction. Another critical concern is the poor long 

range thermal conduction seen in many of these composites as only a fraction of these 

individual nanomaterials are coupled together (weakly through Van der Waals forces) 

and most of the fillers are generally encapsulated entirely by the polymer matrix.33  

In this chapter, new 3D-foam/PI composites are developed and shown to be a viable 

substitute for flexible electronics substrates. The 3D-foams serve as effective filler, 

which can improve the electrical conductivity by 10 orders of magnitude and thermal 

conductivity by 10 – 25 times with a filling factor of merely 0.3%. In addition, to study 

its reliability for the use in flexible electronics, temperature dependence of the film’s 

electrical and thermal characteristics and aging effect under various mechanical 

stressing cycles have been studied. These tests reveal that there is no sign of degradation 

under strenuous mechanical bending, which is normally a problem with composite films 

of this nature.  

6.2 Material preparation and characterization 

Preparation of samples for this application uses 3D-C for the electrically conducting 

films and 3D-BN for the electrically insulating films, followed by the infusion with PI 

polymer described in section 4.5.3.  Since the major challenge in flexible electronics is 

the heat dissipation, thermal conductivity, temperature dependent electrical conductivity 

and proof of concept heat spreading experiments were carried out.  
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6.2.1 Temperature dependent electrical conductivity 

The temperature dependent electrical conductivity measurements are performed in a 

dedicated 4-point Hall/resistivity system using the VdP method described in section 

3.2.4. The sample temperature is controlled using a THMS600 Linkam stage working 

in N2 atmosphere. The current is supplied using a Keithley 220 programmable current 

source and measured using a Keithley 485 picoamper-meter. Each of the four contacts 

is connected to a very high input impedance Keithley 6514 electrometer. The voltage 

difference between each of the two electrometers is measured using a Keithley 2000 

multimeter. The current source, electrometers, multimeter and sample contacts are 

connected to a Keithley 7001 switch. 

6.3 Conductive flexible substrate (3D-C/PI) 

6.3.1 Electrical conductivity 

Figure 6-1a shows the results of sheet resistance measurements performed on bare 

3D-C (black squares) and 3D-C/PI composite film (red circles) at a temperature range 

from -160°C to +200°C. Both curves show the same behavior, with the maximum 

electrical sheet resistance of about 4.8 Ω/□ at -160°C, which decreases proportionally 

with rising temperature and reaches the minimum of about 3 Ω/□ at +200°C. These 

results indicate that the PI infiltration into 3D-C does not cause any parasitic effect on 

its intrinsic electrical conductivity. The average sheet resistance measured for 10 

different 3D-C/PI samples of the same thickness (218 ± 22 m) at room temperature is 

found to be 4.9 ± 1.16 Ω/□, which is a suitable value for electrically conducting flexible 

substrates. 
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Figure 6-1. (a) Sheet resistance of bare 3D-C and 3D-C/PI  at a temperature range of -

160°C – 200°C (inset: fit of VRH model, that is ln(R T-1/2 ) vs. T-1/4 for both materials); 

(b) the values of the fitted parameters for Godet's band tail VRH model extracted from 

Figure 6-1 plotted (blue and pink triangles) alongside collected values of the same 

parameters for different a-C films by Godet et al.300 (black squares and red circles) and 

a CNT-PI composite film173 

 

In order to have a better understanding of the electrical conductivity behavior, the 

results have been fitted with several conduction behaviors. Both samples have been 

found to best fit the Variable Range Hopping (VRH) model by C. Godet,301 as shown in 

the inset of Figure 6-1a.302 The sheet resistance Rs (Ω/□) follows a VRH behavior due 

to carriers hopping between energy levels within band-tails, described by 301 

𝑹𝒔(𝑻) = 𝑹𝟎𝟎 𝑻
𝟏

𝟐𝒆𝒙𝒑 ((
𝑻𝟎

𝑻
)

𝟏

𝟏+𝒅
)       (6-1) 

where R00 is the band tail's resistivity pre-factor, T0 (K) is the temperature coefficient 

that contains the hopping parameters, i.e. the density of states and the localization length 

of the wave-function and d is the hopping space dimensionality. The results fit the VRH 

model with a T-1/4 temperature dependence, d = 3. This indicates a 3 dimensional 

electronic conductivity in both the bare 3D-C and 3D-C/PI samples.303  The 3D VRH 

electronic transport mechanism suggests that the electrical conductivity in the 3D-C 

skeleton involves carriers hopping between energy levels within band-tails located at 

the graphene sheets grain boundaries. Similar electrical conduction behavior have been 



Chapter 6: Application as improved flexible substrate 

114 

   

reported by both C. Godet et al. and Q. Li et al. for CNT bundles, CNT fibers and other 

carbon based materials.301, 304  

The temperature-dependence of the films sheet resistivity is compared with other 

carbon materials according to the VRH model. The prefactor σ0* and slope T0
1/4 are 

extracted according to equation (6-2), which is the conductivity-equivalent description 

of equation (6-1): 300 

𝝈(𝑻) = 𝝈𝟎
∗ 𝑻−

𝟏

𝟐𝐞𝐱𝐩 (− (
𝑻𝟎

𝑻
)

𝟏

𝟒
)        (6-2) 

where, σ is related to the conductivity (S cm-1) of the samples. Figure 6-1b shows the 

extracted prefactor and slope for the pristine 3D-C sample and 3D-C/PI film alongside 

the previously reported different amorphous carbon films300, 303 and a sheet composed 

of bundled CNTs.173 As clearly seen, the extracted values of prefactor and slope agree 

well with the previously reported trend for amorphous carbon films (dashed line), as 

expected from carbon-based materials. The extracted values of the 3D-C/PI film are 

similar to those of the bare 3D-C sheet, suggesting that the original conductivity 

mechanism of the 3D-C is preserved after the PI infiltration. In addition, the value of 

the localization parameter (LP) N(EF)is calculated according to equation (6-3): 300 

𝑵(𝑬𝑭)𝜸−𝟑𝑻𝟎 = 𝟑𝟏𝟎        (6-3) 

where N(EF) is the density of states near the Fermi level, 1/ is the decay length of the 

electronic wave function and T0
1/4 is the slope extracted from equation (2). The values 

calculated for the LP in the case of 3D-C and 3D-C/PI are 126 eV-1 and 76 eV-1, 

correspondingly. These large values of LP (N(EF) indicate a very weak 

electronic localization.300  This is expected for a material composed of graphene layers, 

in which the electrical conductivity is weakly affected by phonon scattering. 
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6.3.2 Mechanical flexibility 

For flexible electronics, the polymeric substrate is required to withstand bending 

cycles and stretching. It must be guaranteed that the material will preserve its thermal, 

electrical and mechanical properties over a period of standard life-time of electronics 

while undergoing bending and stress. In order to account for this, electrical conductivity 

measurements are carried out after repeated bending cycles. A bending diameter of 3.4 

mm results in a strain of 17.6% at the 3D-C/PI composite’s outer layer as calculated by 

Formula 6-4.173 

𝜺𝒇 =
𝟔𝑫𝒅

𝑳𝟐 × 𝟏𝟎𝟎         (6-4) 

where εf is the strain at the outer surface (%), D is the maximum deflection at the center 

of the sample (mm), d is the sample's thickness (mm) and L is the sample's span (mm). 

This bending diameter, far beyond the usual stress applied typically, was chosen in order 

to accelerate possible effects on performance. The bending cycle is depicted in the inset 

of Figure 6-2, which shows the schematics of the film in its straightened state and when 

it is rolled around a 3.4 mm ceramic cylinder. The change in the sheet resistance of the 

3D-C/PI film was monitored throughout 260 bending cycles. The results are shown in 

Figure 6-2. The sheet resistance increased from 5.9 Ω/□ to 9.37 Ω/□ and no obvious 

breaking or cracking was observed throughout the cycles. The small increment in the 

sheet resistance is due to the less elastic structure of 3D-C, which, as a result from 

bending, slightly disintegrates within the PI matrix. Nevertheless, despite the defects 

caused by the bending of 260 cycles, the sheet resistance of the 3D-C/PI still remains 

relatively low, compared to other composites with similar filling fractions without 

bending stress.305, 306 
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Figure 6-2. Sheet resistance of the composite film for 260 bending cycles (inset shows 

the start state and end state of the film at a bending cycle) 

 

6.3.3 Thermal performance 

Figure 6-3 shows the thermal conductivity results of 3D-C/PI (red, top line) and bare 

PI (blue, bottom line) over a temperature range of 0 – 200°C, to account for the different 

operating temperature ranges of electronics.271 It can be seen that the bare PI has a 

thermal conductivity of 0.15 Wm-1K-1 at room temperature and remains stable at 

elevated temperatures. With the infusion of 3D-C, the thermal conductivity increased to 

1.7 Wm-1K-1 at room temperature, more than 1 order of magnitude higher than bare PI 

and remains stable throughout the temperature range (within the error deviations of ± 

0.18 Wm-1K-1). The results are in good agreement with previous measurement for bare 

3D-C.20, 119  

For comparison, Table 6-1 tabulates the thermal conductivity enhancement of PI with 

3D-C and compares it with other reported fillers, such as  graphene,307, 308 carbon 

nanotubes309 and other metal particles.310-313 For PI, the highest reported thermal 

conductivity was achieved with 45 vol% of silver particles, yielding 15 Wm-1K-1.310 

Taking into consideration that the result obtained here with 3D-C is only through a 0.3 
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vol% filling fraction, and in order to have a better comparison, the average improvement 

of the thermal conductivity per filling fraction of various fillers are also presented in the 

table. For 3D-C/PI, the thermal conductivity improvement per 0.1 wt% (0.1 vol%) is 

0.443 (0.5167) times, while for the same wt%, multi-walled carbon nanotubes 

(MWCNTs) only has an improvement of 0.0023 per 0.1 wt%. Other higher values 

achieved are 0.033 for 0.1 vol% of silver particles and 0.022 for 0.1 wt% of a three-

dimensional hybridized SiC nanowires on graphene.308 

 

 
Figure 6-3. Thermal conductivity characterization at a temperature range of 0°C – 

200°C for 3D-C/PI film and bare PI 

 

The high efficiency of 3D-C as thermal filler for polymer is due to its interconnected 

structure. This interconnected structure allows heat to be conducted seamlessly across 

the entire composite without experiencing any thermal boundary resistance caused by 

the polymer matrix. This is in contrast to other nanofillers that despite their high intrinsic 

thermal conductivities, their contribution to thermal conductivity enhancement of the 

composite is quite poor since they are usually embedded completely within the polymer 

matrix, resulting in a discontinued path for long range thermal conduction. Therefore, 

3D-C achieves better thermal performance, with minimum filling factor. 
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 Table 6-1. Comparison of the thermal conductivity of filler-PI composite film 

a Calculated as: 
𝑘𝑓𝑖𝑙𝑙𝑒𝑑 𝑃𝐼−𝑘𝑏𝑎𝑟𝑒 𝑃𝐼

% 𝑓𝑖𝑙𝑙𝑖𝑛𝑔 𝑓𝑎𝑐𝑡𝑜𝑟
/10  

 

Even further improvement is achievable by using better molds, as mentioned in 4.5.3. 

This way, a thermal conductivity in the range of 6 Wm-1K-1 is achievable. 

 

6.3.4 Proof-of-concept 

Both the stable thermal conductivity and demonstrated stable electrical conductivity 

mechanism throughout the tested temperature range has proven the film to be suitable 

to operate reliably throughout the different operating temperature ranges of electronics. 

In order to further demonstrate the applicability of the 3D-C/PI film as a conductive 

flexible substrate and to demonstrate its advantage over conventional films, test 

structures were deposited on both films. For this, conventional PI film and 3D-C/PI film 

were first coated with parylene (to avoid short circuits from the conductive 3D-C) and 

subsequently covered with thin lines of Ni/Au, as shown in Figure 6-4. Subsequently, a 

 Filling Factor 
 

wt%     vol% 

Thermal Conductivity 
 [W m-1K-1] 

Bare PI       Filled PI 

Normalized increase per 
0.1% filling factora 

wt%        vol% 

Ref. 

SiC 
nanowires  
on graphene 

7  
11 

 0.25  
0.25 

0.577 
2.63 

0.0047 
0.022 

 307 
308 

MWCNTs 3   0.18 0.25 0.0023  309 

BN-c-
MWCNTs 

3   0.18 0.38 0.0067  309 

Silver 
particles 

  45 0.2 15  0.033 310 

BN 30  0.18 1.2 0.0034  311 

Aluminum 
nitride 

  30 0.22 0.6  0.0013 312 

Nanoparticles   10 0.26 0.32  0.0006 313 

3D-C 0.35 0.3 0.15  1.7 0.443 0.5167 this 
work 
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current ramp was lead through the test structures while observing the generated heat 

under thermal camera.  

 

 

Figure 6-4. Optical images of the used test structures for 3D-C/PI 

 

Figure 6-5 shows the thermal images of both samples at 1.1 V. Beyond this point, the 

conventional PI sample breaks down, which means the maximum current applicable on 

PI is of ~180 mA and the maximum power supported is of ~0.2 mW. By direct 

comparison of the two samples at this point, it can be clearly seen that the heat 

generation on the conventional PI is significantly higher than on the hybridized film (it 

reaches up to 180°C).  

 

 
Figure 6-5. Thermal images of the test structures at 1.1 V 
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The current was further ramped up on the 3D-C/PI sample until reaching its 

breakdown. Figure 6-6 shows the obtained thermal image at maximum power. At this 

point, maximum temperatures of 140°C are reached on some spots. The 3D-C/PI helped 

to increase the maximum current applicable to ~216 mA, which means a maximum 

power of ~0.3 mW, corresponding to a 50% improvement. 

 
Figure 6-6. Thermal image of the test structure on 3D-C/PI at 1.4 V 

 

It must be noted that the thickness varied between samples (125 µm PI and 160 µm 

3D-C/PI), as well as the roughness, which means after further process improvement, 

3D-C/PI could even further improve performance. 

6.4 Insulating flexible substrate (3D-BN/PI) 

The correct choice of insulating filler material for the electrically insulating case is 

more restricted than for the electrically conducting case, since, besides the intrinsic 

thermal conductivity of the filler material and the amount of filling required (high filler 

loading can lead to a                decrease of mechanical properties192), also the dielectric 

constant plays a very important role. If the dielectric properties of the PI and the filler 

differ too much, electric field distortion could occur. 
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Typical nanomaterials of choice for electrically insulating filler needs are listed in 

Table 6-2. Among these nanofillers, BN was found to be very suitable filler for highly 

conductive composites and ideal for electronic packaging application.192, 220 It has high 

thermal conductivity, high electrical resistivity, low dielectric constant (matching to that 

of PI), high temperature resistance and low density. 

 

Table 6-2. Typical filler materials for electrically insulating needs 

Filler-type Remarks Ref. 

Al2O3 4.3 W/mK at 60 vol% in epoxy, high dielectric constant 314 

SiO2 Low thermal conductivity at 55-70 vol% in epoxy 315, 316 

ZnO High dielectric constant 317 

BeO 
High toxicity and cost 192 

AlN  11.5 and 11.0 W/mK at 60 vol% in PVF and epoxy, low oxidation 
resistance and high dielectric constant 

318 

Si3N4 Moderate thermal conductivity 319 

SiC High saturated carrier drift velocity, high dielectric constant 320 

GO 4-fold thermal conductivity increase at 5wt% in epoxy, easy to get reduced 
via low-temperature thermal treatment (which turns it to electrically 

conducting graphene) 

321 

Diamond 4.1 W/mK at 68 vol% in epoxy, high cost, no superiority 322 

BaTiO3  300% increase of thermal conductivity at 50 wt% in EVA, low thermal 
conductivity, very high dielectric constant, high density 

323 

BN 
Found very suitable for filler material with high thermal conductivity 192 

 

6.4.1 Electrical conductivity 

VdP measurement on the film revealed an electrical resistivity of ~1.3 GΩcm, which 

corresponds to a very insulating sample (for reference, bare PI is ~1.5 GΩcm, which is 

in the same range as 3D-BN/PI). 
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6.4.2 Mechanical flexibility 

In order to verify the flexibility of the composite PI, a qualitative study was carried 

out via repetitive bending of the polymer. Figure 6-7 shows an example of such bending. 

It can be seen that no damage was caused to the PI’s initial flexibility. The 3D-BN/PI 

film can be bent several times without breaking (here shown after 50 times rolling). 

 

Figure 6-7. Demonstration of the flexibility of the 3D-BN/PI film 

 

6.4.3 Thermal performance 

Prior to optimization of the mold, the film achieves a thermal conductivity of 1.3 – 

1.4 Wm-1K-1. Results after optimization are shown in Figure 6-8, which clearly 

highlights the extreme increase in thermal conductivity obtained. For reference, the 

typical thermal conductivity of pure PI is demarcated (0.2 Wm-1K-1). The thermal 

conductivity of hybridized PI with merely a filling fraction of 0.3 vol% (0.35 wt%) of 

3D-BN is in the order of 5 W m-1K-1 throughout the temperature range, which 

corresponds to a 25-fold increase. For comparison, other achieved thermal conductivity 

results of BN-filled PI are shown in Table 6-3. It can be seen that all of them require 

high filling fractions. This is due to the loss of interconnection of those fillers, such that 

high loading fractions are necessary in order to obtain a continuous thermal transport 
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path throughout the PI.216 This can lead to loss of the PI’s mechanical properties, and 

increases the probability of breaking during bending cycles.  

 

Figure 6-8. Laser Flash thermal conductivity result of 3D-BN/PI 

 

Table 6-3. Comparison of the thermal conductivity of various reported filler-PI 

composite film 

Filler-type Filling Fraction 

wol%      wt% 

Thermal conductivity 

[W/mK] 

Ref. 

h-BN particles 
60  7 220 

Surface modified BN 
nanosheets 

 30 1.2 311, 324 

Titanate coupled BN 
nanosheets 

 50 0.86 325 

Titanate coupled BN 
nanosheets + graphene 

 50+1 2.1 326 

3D-BN 
0.3 0.35 5 This work 

a Through-plane (z-direction) 
 

 

Similar to its 3D-C counterpart, the robustness of the film at high temperature was 

tested. For this, TGA was performed in dry air environment, and the obtained mass loss 

curve is shown in Figure 6-9. The point of 5% mass loss (i.e. the point up to which the 

material remains stable) is measured to be at ~520°C, which is in agreement to obtained 

values of pure PI.327  
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To corroborate 3D-BN/PI’s stability up to ca. 500°C, its electrical conductivity was 

measured after heating the sample up to 500°C for one hour. The film remained stable 

with ρ ≈ 1.3 GΩcm. 

  

Figure 6-9. TGA thermal stability of 3D-BN/PI 

 

6.4.4 Proof-of-concept 

In order to demonstrate its direct applicability as a flexible substrate, an electronic 

resistor structure was printed using ink jet printing with silver ink. Contrasting to 

conventional PI film,328 the 3D-BN/PI film did not require any prior surface 

modification in order to obtain good adhesion of the ink onto the surface. Figure 6-10 

shows the obtained structure on 3D-BN/PI. 

 

 

Figure 6-10. Printed electronic resistor on 3D-BN/PI film 
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In a last step, to demonstrate the improved heat spreading capability of 3D-BN/PI 

film over conventional PI, a hot spot of 60 °C was created in the center of a 2 cm x 3 

cm film of bare PI and hybridized PI of same thickness. The evolution of temperature 

was observed under thermal camera. Figure 6-11 shows the obtained thermal images 

after 5 minutes of constant contact with the heat source. It can be clearly seen that for 

the case of conventional PI, the heat remains confined within its point of generation 

even after 5 minutes of constant contact with the external heat source. Contrastingly, the 

3D-BN/PI film is able to spread the heat along the entire film, in a radial pattern centered 

towards the hot spot. It must be noted that this was already observable after short 

exposure to the heat source.  

This spread is important, since 1) confined heat in single spots can lead to stress 

within the sample and thermal management issues,293 and 2) this will allow fast 

propagation of heat along the film, thus efficient extraction of unwanted heat towards 

cooling sections in flexible electronic application.  

 

 

 

Figure 6-11. Thermal images of the heat spreading capabilities of conventional PI and 

3D-BN/PI 
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6.5 Summary 

This chapter demonstrated the applicability of the new 3D-foam/PI films for flexible 

electronics. Via using 3D-C, an electrically conducting substrate was achieved, while 

3D-BN is applicable for dielectric needs. Instead of the typical dis-conjoined fillers, an 

intrinsically interconnected network of 3D-foam within the PI was obtained. This 

approach preserves the properties of the foam, while greatly enhancing the PIs electrical 

and thermal properties, while also keeping flexibility and mechanical strength of the PI. 

The proof-of-concept experiments have demonstrated the readiness of the films to 

directly replace existing polymer films (i.e. printing techniques were compatible to 

surface roughness and chemical composition). Due to the achieved increase in thermal 

conductivity, significant improvement in heat spreading capability was demonstrated 

which led to an increase of applicable power of at least 50%. 

 



Chapter 7: Application as space blanket  

 

127 

   

7 Application as space blanket  

7.1 Introduction 

Thanks to its excellent radiation and chemical resistance as well as its thermal 

stability,329 PIs (i.e. Kapton®) are also among the few polymers that are space 

qualified330-333 and are used in thermal control blankets (multilayer insulator, MLI) for 

satellites and space exploration mission.333-335 These blankets are necessary to protect 

the space vehicle from the harsh space environment (it is noteworthy to mention, that 

among all the failure modes of the spacecraft, approximately 25% are related to 

interactions with the space environment).336  

The different environments in space are namely five: the vacuum, the neutral, the 

plasma, the radiation and the micrometeoroid/orbital debris (MMOD) environment.337 

In this Thesis, the focus is on LEO (low earth orbit, at 200 – 700 km altitude) and GEO 

(geosynchronous orbit, at 35800 km altitude) as these are the orbits where most satellites 

are launched to. In these orbits, exposed materials are constantly suffering degradation 

from atomic oxygen (AO) (LEO altitudes only),338 ultraviolet (UV) and ionizing 

radiation, ultrahigh vacuum (UHV), thermal cycles (±100°C every 90 min.) and impacts 

from hypervelocity micrometeoroids and orbital debris.339-342 In particular, AO exposure 

and radiation effects are known to have a highly reactive nature and cause unwanted 

chemical interactions. These lead to oxidation, erosion, degradation of materials 

properties (i.e. mass loss) and are among the greatest concerns for long-term missions.  

Despite PI’s advantages, its dielectric nature is still a problem in its direct 

implementation in the outer layer of space thermal blanket. This issue is due to 

electrostatic discharge (ESD) in some LEO and mostly GEO orbits. ESD is a 
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consequence of the difference in surface conductivity between conductors and 

dielectrics, leading to potential charge differences in the presence of plasma. This 

charging effect would create serious issues ranging from damage to onboard electronic 

systems337, 343 long-term degradation of the exterior surfaces coatings, enhance 

contamination of surfaces,344 or lead to material damage. In addition, similarly to other 

polymeric materials, PI films significantly erode under exposure to AO.345, 346 An 

electrically-conductive and AO-resistant indium tin oxide (ITO) coating is commonly 

deposited on the external surfaces of PI films to attain ESD and AO durability for 

thermal blanket applications.334 However, such coatings are prone to crack, and they 

cannot tolerate folding or bending even at small radii.347 Mechanical robustness tests on 

ITO-coated films have resulted in immediate fracture of the coating upon bending and 

thus to loss of sheet conductivity.348 In addition, micrometeoroid or debris impacts in 

LEO may compromise the coatings. An opening in a coating allows AO to attack the 

substrate and undercut the coating, thereby creating an ever-growing region of 

erosion.349, 350 Another way to mitigate the PI’s ESD problem, while preserving its 

flexibility, is by adding conductive (electrical/thermal) nanomaterial such as 

graphene,260, 296, 351, 352 carbon nanotubes298, 306, 353 and metallic nanoparticles299 as 

nanofillers into it. Nevertheless, there are other considerable challenges, such as the 

inhomogeneous distribution of these nanofillers, aggregation and limited filling fraction 

due to the effect on the structural integrity of the polymer matrix, such as curling, 

bending, displacement, cracking and delamination that usually arises with the 

incorporation of fillers.170, 182, 354  

Here, 3D-C/PI composite is applied to demonstrate its applicability to replace current 

MLI outer layers, as schematized in Figure 7-1.  
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Figure 7-1. Schematic of the 3D-C/PI film to be used as the outer layer of the space 

protection blanket (multi-layer insulation, MLI) 

 

7.2 Material preparation and characterization 

Preparation of samples for this application uses 3D-C foams and the infusion with PI 

polymer as described in section 4.5.3. The material is characterized according to strict 

requirements for space environment, which includes thermal cycling, thermo-optical 

characteristics and exposure to space environment specific environments (Gamma ray 

and AO exposure and outgassing). To quantify the effect of some of these environments 

on the film, electrical measurements before and after exposure are carried out, for which 

the same setup described in 6.2.1 is used. 

7.2.1 Thermo-optical characteristics 

The thermo-optical characteristics of the films, αs and ε, are measured at room 

temperature by an IR/solar reflectometer (TESA 2000, AZ technologies) using an 

integrating sphere. 

7.2.2 Gamma ray exposure 

The 3D-C/PI film is exposed to approximately 10 mega Gy (0.1 giga rad). This is 

equivalent to 15 years in space (GEO orbit electron radiation dose).336 The exposure to 
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gamma rays (cobalt 60 source spectral peaks at 1.33 Mev and 1.17 Mev) is conducted 

at room temperature in atmospheric pressure. This measurement simulates ionizing 

radiation in GEO space environment, which is dominated by electrons and lower flux 

of solar protons, with typical total irradiation doses of 0.7 MGy/yr.  

7.2.3 AO exposure 

The AO source is a RF plasma source (Litmas RPS 1.5-3kW, 1.7-3MHz)355 connected 

to a small vacuum chamber in 90o angle, with a sample holder located down the pumping 

stream. Oxygen (99.999%) is fed to the RF plasma source using a mass flow controller 

in order to create the oxygen plasma. A PI film is used as reference sample in order to 

determine the AO fluence in each exposure. The mass loss of the samples is measured 

using a micro-balance, (Sartorius SE2 readability of 0.1 µg).  

7.2.4 Outgassing 

The outgassing tests are performed according to a standard test method, ECSS-Q-70-

02A (from 26th of May 2000)356 to approve the composite films as low-outgassing 

materials for vacuum environment. Samples are held for 24 hours at a temperature of 

125 °C and pressure of less than 1×10-5 Torr. The mass loss of the specimen itself 

without the water volatile is denoted as the recovered mass loss (RML, wt%). During 

the outgassing test, a collecting plate is held at 25 °C to measure the amount of collected 

volatile condensable material (CVCM, wt%). Mass gain/loss is measured by micro-

balance (Sartorius SE2 readability of 0.1 µg). 

7.3 Thermo-Optical properties for space 

The MLI acts as a radiation barrier to control heat flow to and from the satellite. The 

MLI is typically composed of multiple (up to 30) layers of thin polymer films (PI or 
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Mylar, about 25 µm thick) with vapor-deposited metal on one or both sides.334 

Typically, each metal reflector reflects between 90 to 97% of the impingent radiation. 

The cumulative effect is that of a nearly 100% radiation insulation. Since the MLI is 

attached to the spacecraft's skeleton with adhesives and connectors that may be damaged 

due to heat, over-heating of the MLI’s outer layer must be strictly avoided. To evaluate 

materials for this purpose, their equilibrium temperature, T(K) in space must be 

calculated according to their thermo-optical properties. As radiation is the dominant 

mechanism for heat transfer in a vacuum environment, the relevant thermo-optical 

properties are the heat absorbed from the sun, with respect to the solar absorptance, αs, 

and the heat radiated to the material’s surroundings according to its emittance, ε. The 

equilibrium temperature can be thus calculated by 337 

1/4 1/4

s nSA
T

A



 

   
    
   

        (7-1) 

where S (W/m2) is the solar flux per unit area at the relevant orbit, An (m
2) is the film's 

surface area normal to the solar flux, A (m2) is the material’s total surface area, and σ 

(5.67 10-8 Wm-2K-4) is the Stefan-Boltzmann constant. With this, it is evident that the 

use of conducting metal as a coating for ESD protection of the MLI's outer layer is 

prohibited since metals in space would heat up to T = 500K = 230oC due to an α/ε ratio 

as high as 10.337  

For 3D-C/PI, the calculation was related to samples with sphere geometry (normal 

area factor of An/A=0.25)357 and a solar flux of 1366.1 Wm-2, which is the average flux 

value at 1 AU from the sun.358 The thermo-optical characteristics of the films, αs and ε, 

are measured at room temperature by an IR/solar reflectometer using an integrating 

sphere and are shown in Table 7-1, along with reference values for pure PI (commercial 
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Kapton®).337 The composite films demonstrated an increase in αs by a factor of 2 

compared to that of pure PI. This phenomenon has been reported before for  previously 

studied carbon-based composites for space applications.173, 359, 360  

 

Table 7-1. Thermo-optical properties of pure PI (i.e. Kapton®) and 3D-C/PI films 

Sample αs ε αs/ε Tmax (°C) 

3D-C/PI 
0.91 0.79 1.15 15.49 

Kapton® 
337

  
0.48 0.81 0.59 -28.8 

 

According to equation (7-1), the rise of the carbon-based composites' αs involves an 

increase in their operating temperatures in space compared to that of pure PI. The 

maximum temperatures that the 3D-C-PI films are expected to experience in space are 

calculated to be 15.49°C, compatible with outer-layer thermal blanket applications.  

7.4 Electrical conductivity for ESD mitigation 

Spacecraft charging occurs due to the build-up of charge on exposed external surfaces, 

especially in the GEO environment. A spacecraft that is subjected to a space plasma 

may be charged to high electrical potentials.337 Because of differences in surface 

conductivity, conductors and dielectrics will be charged to different potentials in the 

presence of plasma. If the potential difference is high enough, a breakdown threshold is 

exceeded and an ESD between the surfaces may occur. The transient generated by this 

discharge can couple into the spacecraft electronics and cause upsets ranging from logic 

switching to complete system failure. Discharges can also cause long-term degradation 

of exterior surfaces coatings and enhance contamination of surfaces.344  
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The anti-static criterion to dissipate electrostatic charge build-up requires surface 

resistivity in the range of 104 – 1010 Ω/□,361 which is well above the sheet resistance 

measured for the 3D-C/PI composite samples of 3 – 4 Ω/□ (section 6.3.1). In addition, 

unlike the electrical conductivity of the ITO coating, the conductivity of the 3D-C/PI 

film has been shown to be resilient under bending, as demonstrated in section 6.3.2. 

Moreover, the entire bulk of the 3D-C/PI film is conductive and not just on the surface. 

This makes the electrical conductivity of the film durable to damage to the films surface, 

in contrast to the sensitive ITO surface coating.    

7.5 Thermal cycling 

 

Figure 7-2. Measurement of the change in sheet resistance after thermal cycling 

 

To investigate the resilience of 3D-C/PI towards thermal stress, electrical 

conductivity measurements were carried out under repeated heating and cooling cycles. 

The temperature range is chosen according to requirements for vehicles in space. The 

change in sheet resistance (in %) for 30 repetitions is measured and the results are shown 

in Figure 7-2. The upper graph (denoted with red dots) shows the change in the sheet 

resistance measured at 160°C, while the lower graph (denoted with black squares) is the 

measured changes at -100oC (measured at every two periods). From both of these results, 
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there is no obvious change in the sheet resistance after 30 thermal cycles with minor 

fluctuation in the range of +/-0.09%. This shows that the thermal cycling does not have 

any effect on the electrical conductivity of the 3D-C/PI, which is due to the relatively 

high thermal stability of the 3D-C network. 

7.6 Space qualification 

To ensure the PI infiltration into 3D-C does not affect its performance for space 

applications, accelerated space environment reliability studies of the 3D-C/PI composite 

are conducted with ground-based space simulation systems, consisting of Gamma ray 

and AO exposure at different doses, as well as outgassing tests according to European  

space standards.362 The changes in electrical behavior are monitored and the structural 

changes of the material before and after the exposures studied with SEM.363 The 

durability of these PI-based composites is not expected to be affected by solar vacuum 

ultraviolet (VUV) radiation, as the similar polyimide, Kapton®, has been shown to be 

insensitive to VUV radiation.364 

7.6.1 Gamma Ray exposure 

The exposure to ionizing particle radiation is simulated by exposing the 3D-C/PI film 

to approximately 10 mega Gy (0.1 giga rad) of gamma radiation (60Co source). This 

dose is equivalent to 15 years in space (GEO orbit electron radiation dose).361 The 

change of temperature-dependent sheet resistance as a result from the gamma ray 

exposure is shown in Figure 7-3. All of the three curves show the same temperature-

dependent sheet resistance characteristic, having its maximum of 5 Ω/□ at -160°C and 

minimum of 3 Ω/□ at +200°C. No change in the film conductivity and no visible 

degradation in the film is observed. These observations show that the 3D-C/PI 

composite is capable of surviving the high doses in GEO.  
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Figure 7-3. Electrical properties after gamma-ray exposure for the 3D-C/PI film at 

different doses and the measurement of the electrical conductivity at a temperature range 

of -160°C – 200°C (inset shows the fit of VRH for all three samples) 

 

To further demonstrate that Gamma ray exposure has no effect on the films 

performance, the films sheet resistance is monitored after thermal cycling and fit with 

the VRH behavior. The inset of Figure 7-3 shows that the transport mechanism of all 

the three films remains unchanged after exposure.  

7.6.2 AO exposure 

 

 

Figure 7-4. (a) Mass loss as a result of AO exposure of the 3D-C/PI, bare PI film, and 

bare 3D-C at high fluences (4.3×1020 AO cm-2, equivalent to 8 months at 500 km LEO 

altitude; (b) comparison of etching rates  
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Interaction of AO with the spacecraft surfaces can degrade materials, especially 

organic hydrocarbons and polymers,20, 21 through either oxidation and erosion (etching). 

In the case of hydrocarbons, the AO resultant products, such as CO, CO2, H2O, and 

others, are volatile and evaporate from the surface, thereby exposing the interior 

materials for further reaction with AO. For AO exposure study, bare 3D-C, 3D-C/PI 

film, and a reference PI film are exposed to AO fluences of up to 4.3×1020 AO cm-2, 

equivalent to about 8 months at a LEO altitude of 500 km,338 and their mass loss values 

versus AO fluence are shown in Figure 7-4a.   

From the slope of the curves it can be seen that the 3D-C/PI film etch rate is about 

half of that of bare PI film. It can also be seen that the 3D-C/PI film curve shows two 

different regions of behavior, whereby the first two dots have a similar slope as the bare 

PI film, and the next dots show a linear behavior with a lower slope. This is due to the 

fact that at the beginning the top layer of the film is etched, which has a higher PI to 3D-

C ratio (PI rich layer). Subsequently more 3D-C is exposed, which lowers the total etch 

ratio. From these measured mass loss curves, the reaction efficiency can be calculated 

using the mass loss of a sample having surface area dA (cm2) exposed to duration dt (s) 

as follows: 366  

𝒅𝒎 = 𝝆𝑹𝒆𝝓𝒅𝑨𝒅𝒕         (7-2) 

where ρ (g cm-3) is the density of the material, ϕ (atoms cm-2s-1) is the AO flux, and Re 

(cm3atom-1) is the material’s reaction efficiency. Figure 7-4b shows the etch rates 

calculated from the mass loss curves for bare PI, 3D-C and 3D-C/PI, derived from the 

results of Figure 7-4a, together with that of HOPG.355 It can be observed that both 3D-

C and HOPG possess reaction efficiencies in a similar range of 4×10-25 cm3/AO, while 

that of 3D-C/PI improved by two times over the bare PI film (ca. 1.6×10-24 and 3×10-24 
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cm3/AO, respectively). It must be noted though, while a two-fold improvement has been 

achieved for an exposure equivalent to 8 months, the total mission duration typically 

comprises 4 – 10 years, for which the 3D-C/PI films would require further improvement 

in etch rate. 

 

Figure 7-5. (a) and (b) SEM image of the surface of the nanocomposite film before and 

after the AO exposure, respectively 

 

In order to have a better understanding on the behavior of the 3D-C/PI film when 

exposed to AO, SEM images are taken at the surface before and after the exposure and 

are shown in Figure 7-5a and Figure 7-5b, respectively. Before the AO exposure, the 

3D-C structure is fully infused with PI and only the top-layer of 3D-C can be 

differentiated from the background. Contrastingly, for the sample after AO exposure, 

most of the PI at the top surface was etched and revealed more of the 3D-C structures 

(several layers of 3D-C can be seen). This is in agreement with the lower reaction 

efficiency calculated for the 3D-C compared to PI. The low Re for 3D-C is attributed to 

the extremely strong bonding of the C-atoms within its structure. Polymers on the other 

side are more susceptible to AO oxidation and erosion effects, resulting in chemical 

rupture of bonds which leads to byproducts such as CO, CO2, H2O. It has been reported 

that under AO exposure, most polymers show loss of surface gloss and loss of weight 

together with degradation of mechanical and physical properties.365  
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7.6.3 Outgassing 

Outgassing is the release of molecules that were either contained or absorbed by the 

material. Low outgassing is important to prevent the possible release of molecular 

contamination that can affect the sensitive neighboring surfaces (such as mirrors and 

detectors in satellites) and in extreme cases, causes a transformation to its chemical 

structure, uniformity, volume and/or density. The low-outgassing criterion requires 

RML of less than 1 % and CVCM lower than 0.1 %. The outgassing parameters 

obtained for 3D-C/PI are RML = 0.30% and CVCM = 0.06%, these values are close to 

those of bare PI,367 well satisfying the outgassing criterion. This shows that the infusion 

of 3D-C does not change the nature of PI and the composite is acceptable for space 

deployment. 

7.7 Summary 

In this chapter, the applicability of 3D-C/PI composite film for space blanket 

application has been demonstrated. It was shown that it has suitable thermo-optical 

properties, electrical sheet resistance, as well as robustness against thermal cycling. In 

addition, simulated space environment exposure test results have shown that gamma 

radiation has no effect on the composite’s electrical conductivity and its outgassing 

properties are still within the standards of the European Cooperation for Space Standard 

(ECSS). Further, exposure to AO fluence, revealed that the composite 3D-C/PI film is 

roughly two times more resistant to etching than bare PI due to the low reaction 

efficiency of the 3D-C skeleton. The results indicate the films suitability for GEO 

environments where no exposure to AO is expected; further advancement such as the 

incorporation of organic/inorganic molecules into the PI solution359 may increase the 

AO resistance further for future LEO suitability as well.  
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8 Thermo-mechanical application 

8.1 Introduction 

Shape memory polymer (SMP) is a special type of polymer defined as a polymeric 

smart material that can alter its shape from a deformed shape (temporary shape) back to 

its original shape (permanent shape) induced by an external stimulus (trigger),368-370 

such as external heating,371, 372 electro-activated,373-378 light-induced,372, 379-381 solution-

responsive,382-385 magnetic-responsive386-389 and microwave-induced.390 The advantages 

of SMPs include their low density, low cost, easy processing, and large recoverable 

strains.369 Moreover, it is also light weighted and exhibits high recovery strain compared 

to similar shape memory performance substances, such as shape memory alloys 

(SMAs).391-393 Today, SMP has been applied into many industries, such as in biomedical 

surgery,394-398 smart fabrics/wearable technology399, 400, automobile industry401-403 and 

aerospace engineering,404, 405 mostly because of its ease in shaping and low cost. 

However, SMPs still suffer from major drawbacks, such as low recovery stress/forces, 

long response time, low cycle life, and weak material stability.369, 406 Additionally, 

similar to other polymers, SMP is a poor conductor for heat with low operational 

frequency and narrow bandwidth. This hinders its application for large area and raises 

high potential of cracking and damage to the structure due to non-uniformity of heat 

spread caused by its low thermal conductivity. In addition, bare SMP is electrical 

insulating in nature that further limits its potential in other applications for which 

electrical conduction is preferred. In order to address these issues, many have 

incorporated fillers (i.e. alumina, aluminum, brass, glass, graphite, magnesium oxide, 

stainless steel, calcium carbonate, acetylene black)316 to enhance the properties of SMP, 

such as to increase the speed and stability of heat transmission and also the mechanical 
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properties. However, these fillers tend to agglomerate and bundle with one another 

through Van der Waals forces, causing challenges to acquire highly homogenously 

dispersed filler infused SMP. Aggravating to this, is the potential of shape memory loss 

caused by the filler itself and/or their agglomeration.177 

In this chapter, the integration of 3D-foams into SMP and its effect on thermal 

conductivity, switching speed and performance, mechanical strength and energy 

required for transformation will be studied. In a next step, the implementation for large 

area and self-heating capability will be also explored. In addition, through the use of 

3D-BNC, a self-heating capability is added to the SMP, whereby required BNC ratios 

can be easily tailored according to the design parameters determined by the application. 

With this and through precise patterning of the BNC positions, a timed actuation can be 

achieved, as well as render the SMP an internal heating mechanism.  

8.2 Material preparation and characterization 

The preparation for SMP samples uses all variations of 3D-BNC foams (including 

bare 3D-C and 3D-BN) and the infusion with polymer is carried out as described in 

section 4.5.4. Besides standard thermal and electrical measurements (sections 3.2.5.3 

and 3.2.5.4), specific measurements to determine the shape memory performance are 

required. These are carried out through dynamic mechanical analysis (DMA, TA 

Instruments Q800 DMA), which measures strain, stress and displacement at given force, 

temperature and time. To quantitatively and qualitatively demonstrate the shape 

memory actuation, thermal camera imaging is used. For this, samples are connected to 

a Horizon Electronics DHR3653 (94 Watts) power supply which provides the current 

for the direct heating of the samples. The samples are imaged using a FLIR A320 IR 

thermographic camera. 



Chapter 8: Thermo-mechanical application 

141 

   

8.3 3D-foam hybridization with SMP 

Figure 8-1 shows the obtained hybridized structures along with their respective bare 

3D-foam. 

 

Figure 8-1. Optical images of the bare foams and SMP infused foams 

 

8.3.1 Effect on thermal conductivity 

The thermal conductivity of the hybrid films is measured at room temperature and 

above the glass transition temperature of the SMP at 60°C. The thermal conductivity of 

bare SMP is found to be 0.09 Wm-1K-1 and 0.103 Wm-1K-1, while the 3D-C/SMP is 

measured to be 0.361 Wm-1K-1 and 0.341 Wm-1K-1, which is a 4 to 3-times improvement 

over bare SMP. For 3D-BN/SMP, the thermal conductivity is measured to be 0.157 Wm-

1K-1 and 0.145 Wm-1K-1, a ~1.5-times improvement, and for 3D-BNC/SMP (50:50), the 

thermal conductivity is measured to be 0.21 Wm-1K-1 and 0.17 Wm-1K-1, which is a 2.3 

to 1.6-times improvement over bare SMP. The slightly higher results of 3D-C/SMP over 

3D-BN/SMP and 3D-BNC/SMP are in agreement with the previously obtained results 

of their bare foam state.  

8.3.2 Effect of electrical conductivity 

The electrical conductivity of the 3D-foam/SMP hybrids can be controlled by 

precisely choosing the BN and C content. This enables the SMP to cater the whole 

spectrum: good electrical conductivity with a low sheet resistance of 40 Ω□-1 is achieved 
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by using 3D-C, preserved complete insulating behavior of bare SMP with the addition 

of 3D-BN (63.9 T Ω□-1), and a tunable conductivity is achieved with the incorporation 

of 3D-BNC (230 – 24580 Ω□-1).  

8.3.3 Effect on shape memory performance 

 

 

Figure 8-2. (a) Achieved DMA bending setup. Image taken for bare SMP sample, after 

applying 2 N in 60 °C environment; (b) schematics describing each step of the stress-

strain test for SMP performance 

 

Shape memory properties are assessed for the different stimuli through cyclic 

mechanical tests.407 In this case, data is collected through DMA testing, which monitors 

the stress, strain and displacement while samples undergo temperature changes and 

force application. The test is repeated 4 times and 60°C is used as the switching 

temperature (above glass transition of all samples). The required force for inducing 

shape transformation is assessed prior to cyclic testing through a force ramp at 60°C 

inside the DMA. A final force of 2 N is chosen for all samples (Figure 8-2a shows the 

yielded deformation of SMP upon application of 2 N). The schematics in Figure 8-2b 

depict the process of this shape-memory performance testing: first, the sample is 

clamped and stabilized inside the DMA; afterwards the temperature is ramped up to 

60°C. After reaching 60°C, the force of 2 N is applied on the sample, which remains 
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stable while the sample is subsequently cooled down (shape fixing). In the next step, the 

force is released and the temperature is raised again to 60°C. This leads the SMP to 

switch back to its original flat state (shape recovery). When the original shape is 

recovered and stable 60°C reached, the force is re-applied and the process is repeated. 

Figure 8-3 illustrates the obtained results as two-dimensional graphs of change of 

strain and displacement with temperature, force and time; Figure 8-4 shows the same 

results represented as three-dimensional stress-strain-temperature curves (“shape 

memory behavior” curves).408  

 

 

Figure 8-3. 2D shape memory performance test results obtained using DMA. Results 

for the four types of SMP, bare, 3D-C infused, 3D-BN infused and 3D-BNC infused 

SMP. It shows the change of strain, displacement with temperature and force and time, 

for each type of material 

 

These cyclic tests determine the strain fixity rate Rf and the strain recovery rate Rr. 

For each number of cycles N, Rf quantifies the ability of the material to recover its 
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permanent shape; Rr quantifies the ability to hold the applied mechanical deformation 

during the process.407 These parameters are calculated through the following ratios: 407 
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with εm representing the temporary shape’s mechanical deformation, εp(N) the 

permanent shape’s mechanical deformation after N cycles and εu(N) the residual of strain 

after retraction in the Nth cycle. From equations (8-1) and (8-2), it becomes evident that 

Rf and Rr ideally should be 100%. For this work, the shape memory parameters are 

calculated based on the strain values in the third cycle (N = 3). 

 

 

Figure 8-4. 3D stress-strain-temperature data representation for the shape memory 

performance of bare SMP, 3D-C SMP, 3D-BN SMP and 3D-BNC SMP 
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Table 8-1. Summary of important characteristics of SMP and 3D-foam infused SMPs 

 

The bare SMP shows a large deformation in the first cycle, which remains stable 

throughout the subsequent cycles. A viscous plastic deformation of 8.83% is observed 

when applying stress at high temperature. The third cycle mechanical deformation εm is 

of 8.97%, which results in a strain recovery rate Rr,bare(3) of 98% and shape fixity rate 

Rf,bare(3) of 98.5%. For the case of 3D-C/SMP, the viscous deformation increased to 

11.1% and the third cycle mechanical deformation is of 11.21%. The strain recovery 

rate and strain fixity rate remain stable with Rr,3D-C/SMP(3) of 97.1% and Rf,3D-C/SMP(3) of 

98.6%. For 3D-BN/SMP, the initial viscous deformation remains in the same range of 

bare SMP at 8.19%. The third cycle mechanical deformation is of 8.21%, which is lower 

than 3D-C’s case, but similar to the neat SMP. The strain recovery rate and strain fixity 

rate also remain stable at Rr,3D-BN/SMP(3) = 99.4% and Rf,3D-BN/SMP(3) = 97.3%. For 3D-

BNC/SMP the values for Rr,3D-BNC/SMP(3) and Rf,3D-BNC/SMP(3) are equivalent to 94.4 and 

97%, respectively. It can be seen that all values remain in a similar range, which 

indicates that the incorporation of the 3D-foams into SMP does not change/hamper the 

shape memory performance of the polymer. Additionally, since all values approach the 

 Bare SMP SMP-C SMP-BN SMP-BNC 

Filling factor - 0.3 vol% 0.3 vol% 0.3 vol% 

Decomposition temp. 280.7 °C 280.6 °C 282.3 °C 288.2 °C 

Glass transition temp. 58.4 ±3 °C 56.7 ±3 °C 53.6 ±3 °C 52.6 ±3 °C 

Thermal conductivity, 

RT 

0.090 ±0.003 Wm-1K-1 0.361 ±0.017 Wm-1K-1 0.157 ±0.007 Wm-1K-1 0.21 ±0.010 Wm-1K-1 

Thermal conductivity, 

60 °C 

0.103 ±0.006 Wm-1K-1 0.341 ±0.003 Wm-1K-1 0.145 ±0.016 Wm-1K-1 0.17 ±0.007 Wm-1K-1 

Sheet resistance  20000 TΩ□-1 40 Ω□-1  

(bare 3D-C  

8.53 Ω□-1) 

63.9 TΩ□-1 

(bare 3D-BN  

8.9 GΩ□-1) 

24580-230 Ω□-1 

(bare 3D-BNC  

5000-50 Ω□-1) 

Bending deformation 

εm 

8.97% 11.21% 8.21% 12.56% 

Strain recovery rate Rr 98% 97.1% 99.4% 94.4% 

Shape fixity rate Rf 98.5% 98.6% 97.3% 97% 
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targeted 100%, and there is no detectable decrease within all 5 cycles, the performance 

is considered ideal.409 Usually it is common for filled SMPs to experience shape memory 

loss.177 Table 8-1 summarizes all results mentioned thus far for the 3D-foam hybridized 

SMPs; a comparative study of different filler materials in SMP is shown in Table 8-2. 

The important parameters for comparison are filling factor, thermal conductivity and 

shape memory performance (fixity and recovery rate). CNTs and graphene sheets are a 

good material for direct comparison as they also require low filling fractions.408, 410 As 

it can be seen, the increase in thermal conductivity is very low and the shape fixity rate 

is far from 100%. It was stated that CNTs decrease the mechanical properties of SMPs, 

rather than enhancing them, which is why they may not be appropriate fillers for 

incorporation in SMPs.177 Using graphene sheets may be a better choice in terms of 

thermal conductivity increase and retention of shape memory performance. However, 

the single sheets tend to agglomerate which poses difficulties for fabrication. In another 

study using 3D carbonaceous interconnected material,259 thermally exfoliated reduced 

graphene oxide networked ferromagnetic hybrid, an increase of thermal conductivity of 

the SMP from 0.217 Wm-1K-1 to 0.258 Wm-1K-1 (0.0041 per filling %), while retaining 

shape memory performance was reported. Taking into consideration the networked 

character of the filler and its high filling fraction of 10 vol%, this increase in thermal 

conductivity is relatively small. Additionally to SMP epoxy, other non-shape memory 

filled epoxy’s are enlisted in Table 8-2 along with their thermal conductivity, such as 

carbon fibers411 and graphite foam.412 The numbers clearly show the high filling 

fractions usually required for significant increase in thermal conductivity (e.g. 56 and 

8.55 vol% for carbon fibers and graphite foam), which is opposed to the herein described 

3D-fillers, where even small fractions as small as 0.3 vol% can increase the thermal 

conductivity by 300%. 
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Table 8-2. Comparison of thermal conductivity and shape memory performance of 

different filler materials 

 

8.4 Achieved improvements 

8.4.1 Transformation speed 

In order to demonstrate the property enhancement brought about by 3D-fillers, two 

sets of video images were recorded. For the first one, two equally sized SMPs, one bare 

and one with 3D-C filler, are prepared, deformed into the same shape and placed 

simultaneously on a heating stage. This way, their temporary to permanent transition 

speed of transformation is compared. Snapshots of this trial are displayed in Figure 8-5. 

The first set of images shows the initial state where both samples are deformed into the 

same shape. Almost immediately after placing the samples on the heating stage, which 

 Filling Factor 

 

wt%         vol% 

Thermal Conductivity 

[W m-1K-1] 

Bare SMP      Filled SMP 

Shape fixity Shape recovery Ref. 

Carbon 

Nanotubes 

 1-5 0.242  0.251  

(@0.3 wt%) 

from 56 to 70% 100% 410 

Graphene 

sheets 

0.5 

1 

  ~0.4 

~0.8 

from 97% to 95% 

to 96% 

from 89% to 95% 

to 96% 

408, 413 

 

3D graphene-

ferromagnetic 

hybrid 

10  0.217 0.258   259 

Nickel zinc 

ferrite particles 

 1-20  n.a. no significant 

change 

no significant 

change 

414 

Nanoclay 1-5   n.a. from 96 to 93% from 100 to 85% 415 

Glass fiber 10-30    n.a. n.a. 65% 416 

Aluminum 

nitride 

40  0.12 0.44 n.a. From 96 to 70% 417 

Talc   30 0.27 2.50 n.a. n.a. 418 

Carbon fibers  56 0.1 695 n.a.  n.a. 411 

Graphite foam 8.55  0.34 14.67 n.a. n.a. 412 

3D foams 0.35 0.3 0.1  0.15 – 0.35 98.5 ±1 98 ±1 this work 
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is heated above glass transition temperature at 60°C (second row of images), the sample 

infused with 3D-C starts returning back to its permanent shape. The time stamp marks 

15 seconds at this point. Only 45 seconds later (third pair of images), the 3D-C infused 

SMP returns back to its original shape, while the bare SMP slowly starts to transform 

back. Almost 2 minutes later, the bare SMP finalizes the transformation process (last 

row of images). This verifies the three-fold increase of thermal conductivity leading to 

a three-fold decrease in time required for transformation. In addition, no shape memory 

loss was observable, since the two structures returned to their fully flat permanent state.  

 

 

Figure 8-5. Comparison between bare SMP (transparent sample) and infused SMP 

(black sample) [i.] at 0 sec (both polymers in deformed shape), [ii.] infused SMP returns 

back faster than bare SMP, [iii.] at 1 min, infused SMP has returned back to its original 

shape, [iv.] at 2 min 42 sec, bare SMP completed the transformation process 

 

8.4.2 Uniformity of heat spread and energy 

The second video images recorded are to assess and quantify the uniformity of heat 

transfer of 3D-foam infused SMP. 3D-BN/SMP is used in this case and compared to 

bare SMP. Figure 8-6a shows the final samples used, which is SMP molded into two 1 

cm x 7 cm slabs with carbon wires embedded in the sample edges as integrated heating 
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elements. These carbon wires have a typical resistance of ~4.5 Ω□-1 for a length of 1 cm, 

thus enabling their use as heating element. One of the two samples includes a 1.1 cm x 

2.4 cm (1.8 mm thick) 3D-BN embedded across the top part of the slab. The 3D-BN is 

expected to serve as a heat conductor, transferring heat from the carbon fiber heaters 

embedded at the edges to the center of the SMP slab, potentially reducing the 

temperature gradient across the sample. The thermal response of the two samples is 

tested via measuring the temperature gradient across their surface using a thermographic 

camera. The maximum, minimum and average temperatures in a selected area are 

extracted from the thermal images, which enables a precise spatial investigation of the 

temperature gradient across the samples surface. Typical thermographic images of the 

two samples are shown in Figure 8-6b. The carbon wires used as the heating element 

are clearly seen in the images in bright yellow, representing the higher end of the 

measured temperature range. Relevant areas on each of the samples surfaces are selected 

for analysis: for the SMP reference sample, the area is located at the center of the sample, 

away from the heater carbon wires (borders of rectangle pointed out by red arrows).  

 

 

Figure 8-6. (a) images of the bare SMP and 3D-BN SMP sample used in the thermal 

camera experiment; (b) typical thermographic images of the two samples. Temperature 

gradients on the sample surfaces were measured for the different areas marked in the 

images with cyan lines (highlighted with red arrows) 
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The temperature gradient on the 3D-BN/SMP sample is also measured in the center 

of the sample, in a section with 3D-BN (borders of rectangle pointed out by red arrows). 

Figure 8-7a shows the average temperature measured for each of the samples as a 

function of the power used for heating the wires, normalized by the sample mass. 

Normalizing by the sample mass is required in order to compare the results of the 

different samples, as heating a larger mass will require more energy and therefore result 

in higher power consumption. These measurements clearly show that heating the 3D-

BN/SMP sample needs measurably less power than heating the reference SMP sample, 

i.e. the 3D-BN/SMP sample requires ~20% less power (4.89 Wg-1) than the reference 

sample (6.25 Wg-1) in order to reach an average temperature of 139°C. Moreover, the 

addition of 3D-BN to the SMP reduces the temperature gradient on the sample surface, 

thus making the temperature uniform across the sample. This effect is observed in the 

reduced standard deviation measured for the 3D-BN/SMP sample, as seen in Figure 

8-7b, where the difference between the lowest and highest measured temperatures on a 

sample are plotted as a function of the average surface temperature. The addition of 3D-

BN did in fact increase the measured temperature uniformity. This effect can be clearly 

seen in the reduced maximum temperature difference of 38.2°C measured at an average 

surface temperature of 139°C, as compared to a temperature difference of 50°C which 

is measured on the SMP reference sample for the same average surface temperature. It 

is clear that the SMP reference sample shows relatively poor temperature uniformity, 

specifically in average temperatures close to the glass transition temperature of the SMP 

(an example cross-section temperature profile of bare SMP is shown in Figure 8-8a, 

where the large deviation in temperature can be clearly seen; an example cross-section 

temperature profile of 3D-foam infused SMP is shown in Figure 8-8b, where uniformity 

in temperature can be clearly seen).  
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Figure 8-7. Quantitative analysis of the thermal camera results. (a) Average temperature 

measured on the analyzed sample area as a function of the heating power normalized by 

the sample mass. (b) the maximum temperature difference ∆T = Tmax – Tmin as a function 

of the average surface temperature measured on the SMP reference sample and the 3D-

BN SMP sample  

 

 

Figure 8-8. Thermal camera and heat distribution across (a) bare SMP sample and (b) 

3D-foam infused SMP sample 

 

It is thus evident that the addition of 3D-BN not only significantly reduced the amount 

of power needed in order to heat the SMP up beyond its glass transition temperature, 

but also increased the temperature uniformity in the center of the SMP sample, 

minimizing the temperature gradient inside the sample.  
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8.4.3 Increase of actuation area 

In a next step, the performance of SMP and infused SMP for larger area applications 

is assessed. It is known that bare SMP performs well in small area samples, but when 

large areas are required, its non-uniform heat distribution poses serious problems.177 

This is especially important for practical applications of shape memory materials, as the 

temperature change has to be spatially uniform to avoid unwanted internal strain. During 

the heating process, such non-uniformities in temperature may cause parts of the 

material to have a temperature higher than the glass transition temperature while others 

remain below it. This will cause parts of the sample material to be in a rubbery state 

while other parts remain solid, giving rise to internal non-uniform strains that can 

produce mechanical failure in the form of cracks.  

Due to the demonstrated improvements in heat spreading uniformity through the 

infusion of 3D-foams, it is believed that large area application will now be enhanced 

and damage and cracks avoided. In order to test this, two larger pieces (7 cm x 1.5 cm) 

of bare SMP and 3D-C/SMP are prepared with an integrated resistive heating wire 

throughout their length direction (Figure 8-9a). Both samples are deformed into the 

same U-bend shape (Figure 8-9b) and heated up by applying a constant current onto the 

embedded wire. The heat immediately transfers to the whole structure of the 3D-C/SMP 

which starts transforming back; while in the bare SMP sample the heat is not spreading, 

since no transformation is visible. This causes stress at the bent area, which leads to a 

local failure and spreads into a long crack at the bending point (Figure 8-9c and Figure 

8-9d). The 3D-C SMP sample returns back to its permanent shape without any damage 

(Figure 8-9c). This clearly highlights the significant improvement in uniformity of heat 

spread achieved through the incorporation of 3D-foam materials into SMPs. 
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Figure 8-9. Optical images of the trial on larger area application. (a) Starting point of 

the 7 cm long bare SMP and 3D-C SMP; (b) both samples were bend into the same U-

bend shape with same angle; (c) during transformation, the bare SMP cracked at the 

central bending point, while 3D-C completely returned to its flat state; (d) zoom into the 

crack in bare SMP, which expanded throughout the entire width of the sample 

 

8.5 Self-heating capability and timed actuation 

For practical applications, it is evident that external heating is not feasible for most 

cases. In order to bypass this issue, internal heating is necessary to make SMP more 

applicable.370, 419 It is also imperative to use a more spatial uniform configuration as 

heating medium, replacing the wires usually used. This could be achieved through the 

use of materials such as 3D-C or 3D-BNC embedded in the polymer matrix (and in 

addition would not only render an internal heating element, but also improve the SMP’s 

overall performance as shown in the previous sections).  

In order to assess 3D-BNC’s self-heating properties, first, an 85% BN 15% C sample 

was connected to a probe-station via two wires attached through silver paint to the foam 
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and simultaneously monitored under thermal camera. The current running through the 

samples was gradually ramped up, while monitoring the heat distribution under thermal 

camera. Before taking the image, the temperature of the sample was measured with a 

thermocouple to ensure the correctness of the measurement. Throughout the 

measurement, the sample was kept suspended with minimum contact to other surfaces. 

Figure 8-10a shows the obtained I/V and temperature curve and thermal images of the 

sample at 30 mA. The curve shows a steady increase in temperature with increasing 

current; temperatures reached at 20 mA are 57.6°C, at 30 mA 93.5°C, at 40 mA 161.2°C 

and at 50 mA as high as 207.4°C. This demonstrates the self-heating capability of the 

3D-foam. After this, the experiment was performed with 3D-BNC/SMP hybrid for 

comparison. The same 85% BN 15% C sample was infused into SMP and the 

experiment repeated. Figure 8-10b shows the obtained heating curve and a thermal 

image at 30 mA. It must be noted that the size after SMP infusion slightly increased due 

to SMP edges of 0.5 mm on each side. 

 

 

Figure 8-10. Self-heating capability of 3D-BNC/SMP samples. Temperature and 

voltage as a function of heating current and thermal image at 30 mA for (a) bare 85% 

BN 15% C and (b) SMP infused 85% BN 15% C sample 
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It can be seen that the sample showed increased resistance after SMP infusion. Since 

the sample and the contacts remained the same before and after the infusion process, it 

is likely that the infusion and curing process of the SMP produced some structural 

change to the 3D-BNC that caused this increase. It can be also seen that the SMP infused 

sample reached similar temperatures than the bare sample for the same current. This 

indicates that the effect of resistance increase and reduction of surface area in contact 

with air balanced off the effect of increased mass of the sample on the self-heating. Two 

more examples of the same experiment with other BN:C ratios are shown in Figure 8-11 

(15% BN 85% C and 100% C). It can be seen that both samples experienced a similar 

relative increase in resistance after SMP infusion and that the samples reached the same 

temperatures at same current as their bare counterparts. This shows that the self-heating 

mechanism of 3D-BNC foams can be directly engineered for SMP application; the 

choice of BN:C concentration can be designed according to application parameters 

(dimensions, temperature and power input requirements). 

 

 

Figure 8-11. Self-heating capability of 3D-BNC/SMP samples. Temperature and 

voltage as a function of heating current and thermal images for (a) bare and (b) SMP 

infused 3D-BNC samples of concentration 15% BN 85% C and 100% C. (same 3D-

foam samples were used for bare measurements and infused measurements) 
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Since 3D-BNC has a complex structure in which it is challenging to directly probe 

the interaction between filler and SMP, a 3D model in COMSOL Multiphysics is used 

to determine the relation between sample dimensions, temperature and heating current. 

For this purpose, first, the obtained results are normalized to eliminate differences 

occurring from slight deviations in pore distribution, humidity, ambient temperature and 

heat transfer coefficients h: for the bare 3D-BNC case, the convection heat transfer 

coefficient multiplied by the surface area h·A was extracted from the measurements 

(equation 8-3)  

𝑷 = 𝒉𝑨(𝑻𝒔𝒂𝒎𝒑𝒍𝒆 − 𝑻𝒂𝒎𝒃𝒊𝒆𝒏𝒕)       (8-3) 

and normalized per sample volume V, assuming that the surface area per volume ratio 

is the same for all samples and that any changes between the normalized extracted 

parameters 
V

hA
are due to changes in the heat transfer coefficient between experiments. 

Results for the 85%BN 15%C sample are
3
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. The measured temperature 

difference (from ambient) as a function of the power used, shown in Figure 8-12a, 

indicates a linear dependence, as expected from a convection based heat loss process. 

The results show a different linear slope for each of the experiments. Neglecting 

radiative heat loss, the main reason for the slope difference is the difference in the total 

surface area A between the different sized samples and the difference between the 

ambient conditions h during the different experiments. Under the assumption that 
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surface area to volume ratio is roughly equal for all samples, 
1

1

2

2

3

3

V

A

V

A

V

A
 , the results 

can be normalized to a surface area corresponding to a specific sample size (normalized 

to the volume of the 100% C sample). In addition, in order to calculate the appropriate 

heating power for each sample, the resistance of each sample is calculated. This is done 

using the measured resistivity and assuming the size of the sample to be 100% C sample 

size. The results of the normalized T as a function of the normalized power are shown 

in Figure 8-12b. After normalizing the differences due to surface area and sample size, 

the differences in the slope represents the differences in the heat transfer coefficient 

between the experiments (different ambient temperature, humidity and pressure). 

Assuming the latter, the following ratios for the heat transfer coefficients are obtained 

31 282.0 hh  , 32 466.0 hh  . The difference between the three heat transfer coefficients 

h is acceptable, as the heat transfer coefficient for atmospheric air was measured to be 

between 5 to 100 WK-1m-2, depending on humidity and temperature. Normalizing the 

results for all samples (h1 and h2 to h3 and all the samples surface area to that of sample 

100% C) leads to a linear temperature increase as a function of heat power, as shown in 

Figure 8-12c. Since the heat loss through convection is only dependent on the surface 

area, the final temperature has the same dependence on the heating power for all the 

samples. Thus, for a given current, the samples with higher resistance will reach higher 

temperatures. This can be seen in Figure 8-12d, where the temperature change as a 

function of electrical current for samples with normalized dimensions is shown. In this 

figure, the resistance of samples with dimensions of l = 1.6 cm, w = 4 mm, t = 1.7 mm 

was calculated using the measured effective resistivity for each sample. The calculated 

resistivity values were used in order to determine the heat power used, which in turn 

was used to calculate the temperature difference. Note that these results apply to the 
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material in atmospheric conditions without any polymer infused. For the 3D-BNC/SMP 

results, normalization was done similarly and the result is shown in Figure 8-12e. A 

direct comparison of the normalized results with and without SMP infusion is shown in 

Figure 8-12f. 

 

Figure 8-12. Measured Tsample – Tambient as a function of (a) heating power of bare 3D-

BNC samples, (b) heating power (normalized to the 100% C sample size/surface area), 

(c) heating power (normalized to the 100% C sample surface area and to the heat transfer 

coefficient h3), (d) applied current (all samples are normalized to the 100% C sample 

size). (e) Normalized values for the SMP infused case samples. (f) Direct comparison 

of (d) and (e) 

 

The curves from Figure 8-12d are then used to validate the model used in COMSOL 

for the bare 3D-BNC. In this model, one pore of the foam is represented by a sphere-

centered tetrakaidecahedron (such geometry is similar to the foam structure).420 The 

foam is supposed to be homogenous, so only one cell build up by one pore infused with 

a medium is simulated; a scale factor equivalent to the theoretical total number of pores 

inside the foam is then applied to predict the behavior of the whole structure. The 

program then uses finite element simulation method with Fourier’s law to predict the 

self-heating behavior. For the bare 3D-BNC case, the model first treats the foam as filler 

in air. Figure 8-13a shows the direct comparison of simulated results with experimental 
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results; it can be seen that the model used accurately calculated the self-heating behavior 

of the three bare foams tested. Thus, in a next step, the air in the model is replaced with 

measured data for SMP (i.e. measured thermal and electrical conductivity, density and 

specific heat). Also, these results are compared to the measured normalized results 

(Figure 8-12e, direct comparison is shown in Figure 8-13b) and it can be seen that also 

for this case, the model of the 3D-BNC with SMP infusion is in good agreement with 

the experimental results for several foam compositions and applied power. Thus, this 

model can be used to design self-heating SMP for given dimensions, temperature and 

electric input (i.e. those input parameters will determine the resistivity required for the 

3D-BNC, which in turn determines the BN:C ratio, as described in section 3.4.2). 

 

 

Figure 8-13. Comparison of simulated results with experimentally obtained results for 

(a) bare BNC and (b) 3D-BNC/SMP infused samples 

 

The concept of adapting the BN:C concentration according to design parameters can 

be further developed into designing timed actuation (“4D-SMP”): the use of 3D-BNC 

infused SMP allows a spatial-selective actuation (i.e. timing of the recovery of the dual 

SMP in several different steps, resulting in an overall multi-shape behavior).370 The 

definition of multi-shape behavior is that at least two or more thermal transitions are 

independently used in a crosslinked network to fix and recover two or more temporary 
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shapes, all in one shape memory cycle.421 Currently, multi-step SMP is achieved via 

mechanically mixing polymers of different Tg,
422-425 or infiltration of different fillers 

(such as fibers,426, 427 CNTs and iron oxide,428 or inks429) in order to elicit different 

responses to external stimuli.430 However, similarly to the use of fillers to increase 

thermal conductivity of the SMP, non-uniformity of filler distribution poses problems 

for practical applications also in this case.427 Further challenges for multi-step SMPs is 

that at least one of the shape recoveries is compromised due to the partial freezing of 

the polymer chains during the shape-fixing steps;409 and the realization of a n-step SMP 

typically requires a (n-1)-step programming instead of only one-step for the dual 

SMP.370 To overcome such limitations, a combination of intrinsic and extrinsic multi-

SMP concept was proposed.370 The use of 3D-BNC in SMP is thus such a concept as it 

combines intrinsic multi-SMP (each section of Tg can be targeted with a different BNC) 

and extrinsic SMP since it can be timed while using the same polymer in each section. 

Using such a configuration may allow several transformation steps (quintuple-SMP is 

the current record431) with only one shape-fixing step. Thanks to the COMSOL model 

previously verified with experimental data, a system can be designed with spatially 

separated different BNC sections that can cater for different transition temperatures or 

be triggered at different input power. 

8.6 Summary 

In this chapter, 3D-C, 3D-BN, and 3D-BNC were synthesized and successfully 

infused into SMP matrix. These hybrid structures achieve improved thermal 

conductivity by 1.5 to 4-fold over bare SMP for 3D-BN/3D-BNC infused samples and 

3D-C infused samples, respectively. Through cyclic DMA measurements it was shown 

that the infusion with 3D-foams does not alter the shape memory performance of the 
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SMP, even after several repetitions. This is mainly owed to the interconnected structure 

of the 3D-foams and their very light weight, which prevents any agglomeration, renders 

a homogeneous network within the SMP and does not add any additional weight to the 

polymer. The improvement in thermal conductivity, paired with the homogeneous 

distribution within the SMP leads to a more uniform heat spread, which in turn 

significantly increases the total active area, as it prevents the buildup of internal strains 

and failures (failure in the form of cracking during the shape memory process is a 

common challenge in larger scale application due to the poor thermal conduction of bare 

SMP, which often causes a large thermal gradient across the sample). Adding to these 

benefits is the reduction by 20% of total energy input required. And finally, the use of 

3D-BNC infused SMPs was shown to possess tunable self-heating characteristics, which 

are directly translated into the SMP configuration. It was demonstrated that with 3D-

BNC, heating sections and spreading sections can be integrated in one single material, 

and that this can be further designed to obtain a timed-SMP effect.  

The herein presented SMP hybrid represents a combination of extrinsic and intrinsic 

multi-SMP properties. Using the 3D-foam as fillers provides a platform of next 

generation SMP filler, which will be able to render any SMP the ability to work on large 

scale applications, at faster recovery rates and with less energy requirements while 

having no constraints of long term loss of shape memory performance. 
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9 Conclusions and Recommendations for Future Work 

9.1 Conclusions 

This work has extended the work on upscaling 2D materials into the 3D macroscopic 

realm by introducing a new class of hybrid 3D-foam as well as studying and using 

properties beyond the traditionally reported ones. For the first time, this has driven the 

focus onto 3D-foams as an active material, contrasting to previous work using it merely 

as a passive material to increase surface area and filler interconnectivity of polymers.  

For the first time, hybridization of two different 2D-materials, namely h-BN and 

graphene, onto one single 3D platform was shown. The obtained lightweight (1 – 5 mg 

cm−3) 3D-BNC has tunable characteristics, i.e. electrical conductivity of 0 to 0.6 Scm−1 

and EMI shielding propertied from 0 to ≈50 dB, while keeping a stable thermal 

performance (0.84 – 1.2 Wm−1K−1). It was demonstrated that the 3D-BNC combines the 

similarity and the opposing properties of both C and BN to create a user configurable 

macro foam-like material with a large spectrum of electrical and EM tuning options.  

It was shown that this material by itself has high potential to be used as a new high-

performance TIM with outstanding heat extraction capability. Up until this point, 3D-

foams were considered as thermoelectric/thermal storage material, which is owed to 

their high porosity, but in this work, a complete opposed behavior was demonstrated. 

This was achieved by turning its perceived “disadvantage” of high porosity into an 

advantage by compressing the 3D-foam. This has led to a drastic increase in thermal 

conductivity and in turn improved cooling performance by 20 – 30% over conventional 

TIMs, with a superior surface conformity, low thermal contact resistance and stability 

up to at least 500°C higher than current materials. Even further improvement in thermal 

performance is achieved by intermixing the 3D-foams with a thermal adhesive matrix. 
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This way, a closed-form thermal solution is obtained that combines the best 

characteristics of current TIMs (i.e. good surface conformity, low thermal contact 

resistance, high thermal conductivity, and long-range reliability) and even surpasses 

their performance (i.e. higher thermal stability and better cooling profile). 

The incorporation of 3D-C and 3D-BN into PI demonstrated that the improvement in 

heat dissipation can be transferred into hybrid films, without altering the inherent 

mechanical properties of the polymer. This way an improved substrate for flexible 

electronics was obtained, which fully maintained its robustness and flexibility, but with 

an increase of thermal conductivity by 25 times. This hybridization could drastically 

improve heat dissipation, which was demonstrated with proof of concept printed 

resistors that could be powered up 50% higher on hybridized films than on conventional 

PI.  

Furthermore, the use of 3D-C in PI could increase the resilience of the polymer 

towards the aggressive environment encountered in space (i.e. atomic oxygen, thermal 

cycling and gamma ray irradiation), while maintaining its thermo-optical and outgassing 

properties. In addition, the electrical conductivity rendered to PI through 3D-C mitigated 

the electrostatic discharge build up problem current thermal space blankets suffer from.  

It was also shown that the intermixing of 3D-foams with an active external matrix, 

such as epoxy SMP, is of great benefit: 3D-BNC speeds up the transformation process 

by up to three times, reduces required activation energies by 20% and helps to 

significantly enlarge the total usable active area. Furthermore, the tunability of BN and 

C concentrations yields a tunable self-heating effect within the SMP, which can be used 

to design timed actuation. Up until now, SMPs have been very limited in their 

application fields due to their constrained small sizes and non-uniformity of actuation. 

Thanks to the incorporation of active 3D-foams, their applications can now be extended.  
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Above all, this Thesis has demonstrated the great versatility of the 3D-foams 

achievable when integrating different 2D-constituyents into a single macrostructure and 

when using their properties in a more active way. This has extended the field of 3D 

materials and added a new branch of tunable applications, with great potential for 

commercialization.  

9.2 Recommendations for future work 

To even further improve the performance of the 3D-foams in the herein investigated 

thermal applications, the following next steps are suggested for future work: 

9.2.1 Further improvement in thermal management 

Since the thermal conductivity is dependent on the density of the 3D-foams, it is 

recommended to test foams with smaller pores. Smaller pores will increase the total 

volume fraction of material and thus increase the thermal conductivity. However, it must 

be considered that the decreased porosity might reduce the compressibility (and thus 

surface conformity) of the foams. A trade off must thus be found between minimizing 

pore size and compressibility. To help determine the optimum point, more refined 

COMSOL simulations may be used, for which a more exact 3D-model of the foam has 

to be developed. The approximation using a sphere-centered tetrakaidecahedron, as in 

our SMP simulations is a good starting point for such a refined model; further fine-

tuning needs to take into account the randomness of pore distribution. In order to 

incorporate the effect of mechanical compression on the 3D-foam into simulations, the 

work by Wang et al.432 is suggested as reference. This work describes how to implement 

coarse grain molecular dynamics simulations on 3D-C structures to determine 

mechanical deformations as a function of strain and stress. 
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Due to its reported drastic increase in thermal performance, this application has huge 

commercial potential; the development of large-scale fabrication is thus also suggested. 

Since the final size is mainly restricted by the size of the furnace used during CVD, it is 

suggested to replace the tube furnace by a chamber furnace, since the diameter and 

tubular shape greatly restrict the possible shapes and sizes. Further challenges to be 

addressed prior to commercialization are the scalability for large area manufacturing, 

which includes (1) ensuring uniformity during growth and yield; (2) find a scalable way 

to use sublimated ammonia-borane powder for the growth of 3D-BN, as right now 

relatively large quantities are required with little uniformity for samples larger than 20 

cm x 5 cm; (3) adapt the low pressure method of 3D-BN to ambient pressure, as low 

pressures could hinder the scalability; and (4) make the handling of the foam easier, as 

due to their light weight and compressibility, at their current stage, the 3D-foams are 

fragile and can break easily if not handled properly. 

9.2.2 Further improvement in flexible electronics application 

Also for this application, it is suggested to further explore the upper limit of thermal 

conductivity achievable. This should be done through a study of filling fraction versus 

thermal and mechanical properties. Increased filling fraction is bound to improve the 

thermal performance, but at the same time, it must be ensured that the flexibility of the 

hybrid PI film is well maintained. Once this optimum point is found, it is suggested to 

test the heat spreading capabilities under more strenuous conditions, i.e. use actual 

lithography on the films and test thermal performance of such smaller structures, which 

will resemble more closely the final commercial application. 
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9.2.3 Further improvement in space application 

Due to the non-invasiveness of the 3D-foam within the polymer matrices shown in 

the previous chapters (i.e. the intrinsic and mechanical properties of the polymers remain 

completely unchanged), the infusion process of 3D-foam into any other class of PI or 

SMP can be easily adopted. This means, that other PI and SMP could be used to cater 

for specific requirements (e.g. chain length of polymer backbone, transition 

temperature). As such, it would be very interesting to combine the work on PI and SMP 

into one: use a PI based SMP for space application. This way the established space 

qualification could be extended to SMPs as well, increasing their space environment 

endurance. This will be very interesting, since weight, stowage volume, structural 

integrity and the reliability of the deployment mechanism of satellites have always been 

critical considerations in the design of satellites.433-435 It is thus suggested to replace the 

conventional moveable metal alloy panels used to support solar arrays and antennas436 

with a single part light material system that is based on 3D-foam infused SMP that has 

a specific temperature trigger and is durable in LEO environments. This would allow 

the solar array and antenna to conform to the satellite body and unfold upon deployment, 

as illustrated in Figure 9-1. Such a continuous and seamless deployment system does 

not only reduce the weight as compared to the conventional metal alloy panels, it also 

reduces the complexity for the deployment by removing the need for mechanical 

joints/locks.436 This then significantly reduces potential failure points increasing 

operational reliability.  
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Figure 9-1. Schematic of the satellite at its pre-deployment stage, with the 3D-foam 

infused SMP solar panel array and antenna conformed to the main body; and at its 

deployment stage, with the 3D-foam infused SMP solar panel array and antenna 

transformed into the deployment shape 

 

9.2.4 Other application fields 

Due to the interconnected structure of the 3D-foams, their application field is not 

limited to thermal. A few exploratory studies have been performed to test their 

applicability in other new areas: 

9.2.4.1 Tissue Engineering & Cell Stimulation 

Compared to traditional polymer scaffolds, 3D-C’s inherent structure combined with 

its interesting properties, such as (1) high electrical conductivity (while polymeric 

scaffolds are completely insulating), (2) ultralow density, (3) high porosity and (4) 

extremely high specific surface area (e.g. for 3D-C 850 m2 g-1, for polymer ~1 – 10 m2 

g-1),28, 437, 438 could better mimic the physiological environment conducive for cell 

growth and additionally (1) allow tissue stimulation, (2) require less non-biological 

material to degrade for high volumes (i.e. for 3D-C ~5 mg cm-3, for polymer ~88 – 138 

g cm-3),439, 440 (3) enhance the oxygen diffusion and (4) increase the cell density attached 

on the scaffold. The great potential of 3D-foams in cell culturing has become evident in 

studies investigating 3D-C’s differentiation effects with neural stem cells (NSCs)29 and 

human mesenchymal stem cells30 which both demonstrated the possibility of 
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differentiation through 3D-C. Moreover, we have demonstrated that 3D-C is 

biodegradable with a tunable rate, which is further beneficial for its potential use as 

tissue scaffold.154 Interestingly, there are also mark differences between 3D- and 2D-

carbon as it has been shown recently that 3D-C has anti-inflammation properties against 

external insults, while graphene has no such effect.441 It would be thus interesting to 

further dive into this research field and to combine tissue growth with direct electrical 

stimulation, which would be unique within the field of tissue engineering, and especially 

interesting in the field of electrically sensitive cells, such as neurons. 

9.2.4.2 Dye-sensitized solar cells 

Another research field, which used 3D-C only as supportive structure to enhance the 

surface area, are dye-sensitized solar cells (DSSCs). Several groups have integrated the 

foam into current DSSC counter electrodes,90, 94 as well as anode materials.93, 442, 443 

Despite the achievements reported, ultimately, the performance of DSSCs is still 

dependent on their standard materials themselves (i.e. dye uptake time, adsorption 

capacities and charge separation mechanisms). A new approach to directly utilize 3D-C 

as a stand-alone material for DSSC would take away this dependence on TiO2. However, 

3D-C cannot be used directly due to its lack of band-gap. In an explorative study we 

reported the utilization of a stand-alone modified 3D-C, oxidized 3D-C (o-3D-C), which 

can be utilized directly, providing a TiO2-free approach.444 This first study already 

demonstrated improved saturation by 600 times, and adsorption capacity by 7 times, as 

well as suitable band structure and fluorescence quenching properties. It would be 

interesting to further optimize these properties and potentially develop an all-carbon 3D-

DSSCs. 
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9.2.4.3 Fiber optics 

Through tuning the number of layers to mono-/few-layer foams, 3D-C can be used as 

a saturable absorber (SA) to mode-lock fiber lasers,445 which helps overcome the 

applicability issues encountered with CNTs and 2D graphene (one of the main 

limitations of CNT-based SAs is the operation wavelength, which is restricted by the 

diameter of the CNT;446, 447 and a limiting factor to 2D graphene is its required wet-

transfer process),448 while combining the advantageous properties of graphene, which 

are large modulation depth, ultrafast recovery time, low mode-locking threshold, 

wavelength-independent saturable absorption, and high thermal damage threshold.448-

452 Our exploratory study with three-layer 3D-C showed that stable output pulses with a 

fundamental repetition rate of 9.9 MHz and a pulse width of 1 ps are generated from the 

fiber laser. Potentially, the saturation absorption strength could be modulated over a 

wide range by changing the number of graphene layers of 3D-C.   
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