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Abstract 

The ability to utilise graphene and related 2D materials within additive manufacturing 

sparks a promising future for developing multi-functional composites on a commercial 

scale. 2D materials can be exfoliated into platelets with high aspect ratios and re-

dispersed within a polymer resin to produce inks suitable for 3D printing. Such inks 

can be combined with a photoinitiator to form photocurable inks for the use in 

stereolithography. This work presents the manufacture of 3D printed boron nitride 

(BN) and graphene nano-platelets (GNP) composites with enhanced thermal 

conductivities for potential uses in thermal management applications.   

Key manufacturing parameters, such as the critical exposure and depth of penetration 

from the SLA laser are investigated to facilitate formulation and printing of 3D 

structures. The scattering effects of the 2D materials are explored using semi-empirical 

models to understand why the maximum printable solid loadings of the inks are  

20 wt. % and 4 wt. % for BN and GNP respectively.  

The intrinsically high thermal properties of GNP (3000 W.m-1.K-1) (XG Sciences) and 

BN (400 W.m-1.K-1) can be applied for thermal management in electronics to produce 

efficient systems with increased operating times eliminating short-circuiting from 

occurring. An increase in thermal conductivity of over 233 %  has been observed with 

the addition of 20 wt. % BN (0.70 W.m-1.K-1) and 200 % for 4 wt. % GNP (0.55 W.m-

1.K-1) when compared to the UV polymer (0.21 W.m-1.K-1). An increase in mechanical 

properties of the polymer matrix has also been observed with BN and GNP platelets 

acting as reinforcements.  

GNP and BN can be coupled to form hybrids with synergetic capabilities for improved 

thermal and mechanical properties of polymers. The electrically insulating hexagonal 

BN platelets have been dispersed with GNP platelets to form photo-curable hybrid 

inks for SLA. The hybrids showed a maximum thermal enhancement of 238 % Hybrid 

1 (0.71 W.m-1.K-1) compared to UV polymer (0.21 W.m-1.K-1) and an electrical 

resistivity of 1.81 x1010 Ω.m. Heat sinks containing hybrid materials were 3D printed 

and tested for potential applications in thermal management of electronic devices by 

measuring the heat transfer through the printed structure over time. The hybrid heat 

sinks reached the set temperature 43 % faster than the control displaying improved 

heat transfer and heat dissipation required for heat sink applications.     
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1 

Introduction 
 

Additive manufacturing (AM) often referred to as 3D printing, is an advanced 

manufacturing technique used to build 3D objects using a layer-by-layer method. A 

computer-aided design (CAD) image can be used to produce complex geometries and 

structures that can be readily edited and printed in relatively quick processing times 

with minimal labour and little to no material waste. These prospects of 3D printing 

offer an exciting opportunity for many industries including electronics, thermal 

management, biomedical, fashion, automotive, aerospace to name a few. 

Stereolithography (SLA) was one of the first AM techniques to be developed and still 

to this day produces 3D parts with high resolutions in the z, x and y-axis compared 

with other printing technologies on the market. Although SLA is known for printing 

parts with smooth surface finishes and good dimensional tolerances, the printing of 

functional parts is yet to be developed and refined. The addition of fillers (structural 

and functional) to SLA polymer resins opens up opportunities for the development of 

advanced composites.[1][2][3][4] However, some challenges include the dispersion of 

fillers within the polymer resin, high viscosities outside of the printable range and 

scattering effects produced by the SLA laser interacting with the filler.[5][6] There 

has been progress in the development of ceramic-based SLA resins, with significant 

developments in the maximum solid loading of these resins and their associated 

mechanical properties.[7] However, the domain of 2D material-based resins is yet to 

be explored, with only a few reports on printing with graphene oxide (GO) and 

BN.[3][8][9][2]  
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The interesting chemical and physical properties of many 2D layered materials such 

as graphene and hBN offer an exciting new field for 3D printing parts with excellent 

electrical, thermal and mechanical properties. Although there have been numerous 

publications on the production and characterisation of these materials there are still 

significant gaps in the literature on the use of 2D materials in additive manufacturing.   

1.1 Research Aims and Objectives 

This research is motivated by the ever-growing demand for the manufacture of 

multi-functional 3D printed parts. Dependent on the chemistry and composition of the 

material each ink can require extensive alterations for the 3D printing technology used. 

The research aims to develop UV curable 2D material-based composite inks for 3D 

printing of multi-functional parts via stereolithography. The outcomes are to establish 

new ways in which 2D materials can be used in advanced manufacturing techniques 

for the potential applications in the field of thermal management of electronics. 

This research is divided up into the following objectives:  

1. Synthesis of UV-curable 2D material-based resins. 

2. Establish the effects that 2D materials have on the printability of the inks used 

in SLA, including effects on rheological properties and scattering effects of 

the SLA laser interacting with the filler materials during printing. 

3. Consideration of maximum solid loading of 2D materials in SLA inks, and the 

consequence this has on the scattering of light from the printer’s laser.  

4. Analyse the effects of the mechanical, electrical and thermal properties of the 

printed composites. 

5. Research on GNP and hBN hybrid composites for prospective use in thermal 

management applications.  
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1.2 Organisation of Thesis 

Chapter 1: Introduction  

Research background and motivation including the aims and objectives of the study.   

Chapter 2: Literature Review 

This chapter is divided up into further sub-sections reviewing previously published 

work on the synthesis, properties and applications of 2D materials, and the comparison 

of additive manufacturing technologies and their printed products. This chapter also 

identifies the gap in the development of 2D material-based inks for 3D printing 

technologies.  

Chapter 3: Materials and Methods  

This chapter is used to explain all the experimental works carried out in this research 

including the parameters and procedures used for Chapters 4-6.  

Chapter 4: GNP and BN Ink Formulation for Stereolithographic Printed Parts 

Chapter 4 presents the characterisation and analyses of the synthesised 2D material-

based composite inks. Including preliminary printing results of 2D structures.  

Chapter 5: Properties of 3D Printed GNP and hBN Composites  

This chapter presents the challenges of printing 3D structures using stereolithography. 

The chemical, mechanical and physical properties are discussed and analysed against 

previously published work. 

Chapter 6: Hybrid SLA Inks for Thermal Management Applications 

Chapter 6 explores the development and printability of hybrid composites containing 

GNP and hBN, with focus on the thermal, mechanical and electrical properties of the 

hybrids. The hybrids are then tested for potential uses in thermal management 

applications by 3D printing heat sinks and monitoring their heat transfer over time. 

Chapter 7: Conclusion  

This chapter presents the general conclusions established in this research.  

Chapter 8: Future Works 

This chapter provides suggestions for future areas of research to continue towards.  
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2 
Literature Review  

Additive Manufacturing of  

2D Material-based Composites 
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2.1 Introduction  

3D printing has been the motive force for many innovations within 

manufacturing, art, medicine and engineering. As the trend for using 2D materials 

emerges new complex manufactured 3D parts can be produced using functional 

materials with very interesting properties. This can lead to exciting new ventures in 

electronics, biomedical, thermal management, automotive and aerospace. The addition 

of 2D materials within a polymer matrix can provide a significant improvement to its 

properties whilst achieving good processability attained by the polymer. There are 

however associated challenges with printing these inks due to their tendencies to 

aggregate, altering the rheological properties, leading to further refinement for the 

intended AM technology. This review will explore the published research on the 

synthesis and production of 2D materials with a focus on GNP and hBN and the 

challenges and capabilities of additive manufacturing techniques with an emphasis on 

stereolithography.  

2.2 Properties and Applications of 2D Materials 

Awareness of two-dimensional materials has sparked great interest in recent 

years since graphene was first isolated using the now denoted ‘scotch tape method’ by 

professor Geim and Novoselov at the University of Manchester in 2004.[1] Graphene 

is a one-atom-thick crystalline material, consisting of a network of carbon atoms 

(Figure 2). Many other layered materials can be exfoliated similarly to graphene to 

produce new 2D materials that have versatile properties that could be very interesting 

for industrial applications. Layered materials are three-dimensional structures formed 

by weakly bonded atomic layers.[2] They consist of very strong chemical bonds in-

plane, and weak out-of-plane bonds. These weak out-of-plane bonds are what enable 

the material to be exfoliated into 2D layers. Research into other layered materials has 

founded a group of 2D materials which include hexagonal boron nitride (hBN), 

layered metal oxides and layered metal hydroxides (LDHs), transition metal 

dichalcogenides (TMDs, e.g. MoS2, WSe2, TiS2, WS2, TaS2 etc.).[3] In very recent 

years many more new 2D materials have been introduced into the 2D family (Figure 

1), including MXenes, black phosphorus, silicone.[3]  This class of materials has 

become key in material science, physics and chemistry due to their extraordinary 

properties and potential in a variety of applications.  
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The unique properties of 2D materials can be used in a variety of applications. These 

include sensing, electronics, catalysis energy storage and lithium-ion batteries, thermal 

management and lubrication for aerospace applications.[4][5] 

 

 

 

Graphene is a flat monolayer of carbon atoms arranged in a honeycomb lattice.[6] 

Each carbon atom is covalently bonded to three other carbon atoms at a distance of 

0.142 nm between them. Single sheets of graphene are layered on top of one another 

through van der Waals interactions to create 3D graphitic structures. Graphene 

Figure 1 Family of 2D Materials including transition metal dichalcogenides, 

hexagonal boron nitride, MXenes etc. [3] 

Figure 2 Structure of (a) graphene and (b) h-BN.[27] 

(a)  (b)  

‘armchair edge’ 

‘zig-zag edge’ 
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consists of carbon atoms that sit above the centre of the neighbouring aromatic ring 

known as AB stacking. The distance between the neighbouring planes is 0.335 nm. 

The edge sites present in monolayer graphene include armchair and zigzag (Figure 2).  

Hexagonal boron nitride is known as ‘white graphene’ it is an III-V compound. The 

two-dimensional hexagonal boron nitride sheets are 2D crystals that comprise of boron 

and nitrogen atoms which are covalently bonded in a hexagonal manner.[7] BN comes 

in four main crystallographic forms, these include hexagonal (h-BN), rhombohedral 

(r-BN), cubic (c-BN) and wurtzite (w-BN).[8][9] Hexagonal boron nitride consists of 

layers of covalently bonded boron and nitrogen atoms.[8] Weak van der Waals 

interactions hold the layers together. It is these weak interlayer bonds that allow hBN 

to be exfoliated into 2D sheets. BN displays AA’ stacking whereby the boron (B) atom 

sits above the nitrogen (N) atom of the adjacent layer (figure 2). The distance between 

the neighbouring BN planes is 0.333nm; this is determined by the van der Waal forces. 

The main edge sites present in monolayer BN, include armchair edge and zigzag edge. 

(Figure 2). 

There are distinct differences between graphene and hBN related to their optical, 

electrical and chemical properties.[10] Hexagonal boron nitride is a wide band-gap 

electrical insulator 5.5-6 eV.[11] Whereas, graphene is a superb electrical conductor 

with a reported conductivities of 1014 S/m.[12] BN  is chemically stable in oxidising 

atmospheres up to 1000 °C in air and 1400 °C in a vacuum.[13] Graphene is stable in 

oxidising atmospheres up to 400-450 °C.[13] Hexagonal boron nitride and graphene 

are often used in thermal management applications due to their high thermal 

conductivities. The thermal conductivity of BN has been reported to be ~400 W/mK 

in-plane and ~5 W/mK out of plane[14][14] [15][17]  graphene, however, has a 

reported thermal conductivity of 3000 W/ mK in-plane and 6 W/mK out of plane.[18]  

2.2.1 Production Methods of 2D Materials  

Two main approaches are used to produce monolayer materials, including 

bottom-up processes and top-down processes. Top-down processes start with bulk 

materials that are broken down into monolayers through external forces. Such methods 

include liquid-phase exfoliation and mechanical cleavage. Bottom-up processes 

involve the assembly of individual atoms to form 2D layers.[19] Chemical vapour 

deposition (CVD) is an example of a bottom-up process. Each approach is done under 
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different time frames and costs and therefore produces flakes of varying qualities 

(Figure 3).  

 

Figure 3 schematic showing a simple diagram of the quality of flakes produced against price for mass production, for 

different exfoliation methods.[20] 

Liquid Phase Exfoliation (LPE) 

Mechanical exfoliation was one of the first methods for 2D material production 

(graphene, scotch tape method). However, the scalability of this method is limited to 

long processing times and low yields. Liquid phase exfoliation, on the other hand, is 

a desirable method of 2D material production due to its versatility of exfoliation 

mediums and relatively low cost.  The method involves dispersing bulk materials into 

an organic solvent then applying a large amount of energy via sonication to break the 

bonds between the layers.[21] An ultrasonic bath or probe creates an ultrasonic wave 

that creates cavitation bubbles, when these cavitation bubbles implode, causing fluid 

jets to break up the weak van der Waal interactions between the layers resulting in 

exfoliated sheets.[2]  

Another solution-based method of exfoliation is based on the intercalation between 

adjacent layers of the 2D material. This method involves the absorption of molecules 

between layers. The intercalation of ionic species between layers increases the space 

between layers and reduces the adhesion of the layers. With the assist of ultra-
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sonication and high input energies, the bonds between the layers are broken, allowing 

exfoliation of monolayers (Figure 4).[2] 

 

Figure 4 Exfoliation methods showing (a) ion intercalation, (B) ion exchange and (c) sonication.[2] 

Coleman et al. have researched thoroughly into liquid-phase exfoliation of layered 

materials into two-dimensional nano-sheets. They initially began exfoliating 

commercial MoS2, WS2 and BN powders in several different solvents with varying 

surface tensions.[4] Their exfoliating technique involved sonication via bath and 

probes followed by centrifugation to size order their materials. They reported that re-

aggregation of nanoplatelets could be reduced by matching the surface energy of the 

organic solvent to the surface energy of the 2D material being exfoliated.[4] This is 

because the driving force of re-aggregation is reduced when the difference in surface 

energy between the solvent and material is removed. The most promising solvents for 

exfoliating MoS2, WS2 and BN were found to be N-methyl-pyrrolidone (NMP) and 

isopropanol (IPA). 

Other researchers have created their own techniques for exfoliating BN and GNP in 

various solvents and surfactants. Wang et al. sonicated BN in methanesulfonic acid 

for 8 hours in an ultrasonic bath followed by centrifugation for 90 minutes at 4000 

rpm. The final concentration reported was 0.3 mg/ml, and an average lateral size of 

less than 500 nm, this is similar to those reported by Coleman et al. (100-500 nm).[4] 

Zhi et al. tried sonicating BN in N-dimethylformamide (DMF). The concentrations 

after exfoliation were between 0.01-0.03 mg/ml.[22] Bourlinos et al. exfoliated 2D 

materials in polymers to produce colloidal composites, graphite was exfoliated in the 

presence of polyvinylpyrrolidone, the final concentrations were found to be 0.1 



27 

 

mg/ml.[23] May et al. explored the exfoliation of MoS2 and hBN in tetrahydrofuran 

(THF) using various polymers as stabilisers.[24] The range of concentrations achieved 

was found to be between 0.003-0.034 mg/ml.[24]  

Several factors can affect the outcome of the exfoliated materials including sonication 

time, temperature, power and centrifugation speeds. Zhi et al. studied the relationship 

between centrifugation speeds and the thickness of the collected exfoliated 

materials.[22] They found that at speeds of 5000 rpm most sheets had less than 20 

layers and thicknesses less than 7 nm. With speeds of 8000 rpm, Zhi et al. were able 

to reduce the average thickness to 3 nm (less than 10 layers).  

These reports describe the process to produce few-layered 2D materials using LPE. 

However, the long processing times and relatively low yields of these methods may 

be challenging for the large quantity needed for 3D applications.   

Characterisation of 2D Materials   

The characterisation of exfoliated flakes is a necessary step in determining the 

quality of the materials produced. The key elements that determine the quality include 

the morphology, size, topography and the number of layers of the 2D materials.   

Atomic force microscopy (AFM) can be used to detect the number of layers of 

exfoliated flakes. AFM uses a cantilever with an atomically sharp tip to scan over a 

sample to build an image profile (Figure 5). This technique is useful for displaying the 

topography and thickness of exfoliated flakes, with relative simplicity compared to 

other methods such as Raman and XRD. However, AFM has reported being quite 

problematic in distinguishing between the number of layers greater than 2 in graphene 

samples, due to folding and wrinkling of graphene sheets.[25] For BN nanoplatelets 

AFM has been reported to successfully measure the thickness of the platelets and 

therefore determining the number of layers present.[26]  

Scanning electron microscopy (SEM) can be used to show the morphology and 

topography of 2D material nanoplatelets (Figure 5). 2D materials are characteristically 

smooth in their surface features however, SEM can be used to identify the morphology 

of flakes and therefore the lateral sizes. It is difficult to identify the thickness of the 

flakes or number of layers present using just SEM alone, therefore a secondary 

technique such as Raman or AFM is usually required.[27]  
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Other widely reported characterisation techniques of 2D materials include Raman, 

XRD and TEM.[28][29][30] These techniques are used to find the thickness and 

number of layers of the nanoplatelets after exfoliation rather than the lateral sizes. 

Therefore AFM and SEM are mainly used for characterising the shape and geometries 

of 2D materials. The lateral sizes of 2D materials are an important parameter for 

applications in 3D printing techniques as they are related to the rheological behaviour 

and scattering effects in SLA resins.  

2.3 Properties of GNP and BN Polymer Composites  

Graphene nanoplatelets (GNP) and BN can be used as filler materials in 

polymer composites to improve their thermal, electrical and mechanical properties. 

Polymers are usually poor thermal conductors; therefore, the addition of thermally 

conductive fillers in the form of graphene and BN can produce high-performance 

nanocomposites (Table 1).[31] However, the thermal conductivity of a composite 

material is highly dependent on the thermal conductivity of the polymer matrix. Based 

on 24 wt. % of BN in PMMA the thermal conductivity of 3.16 W m-1 K-1 has been 

reported by Ebadi-Dehaghani et al. [15] A study by Wong et al. also found that the 

addition of 30 wt.% BN sheets in epoxy resin resulted in thermal conductivities (~1.2 

Figure 5 Representative image of (a) SEM image of hBN nanoplatelets. (b) SEM image of hBN nanoplatelets after 

exfoliation. (c) AFM image of BN nanoplatelets (d) height profiles from AFM data indicating the thickness of the 

flakes. [27] 
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W m-1 K-1) three times that of neat epoxy.[32] The addition of BN flakes into a 

polymer composite will not only enhance the thermal conductivity of the polymer but 

will increase the elastic modulus, glass transition temperature (Tg) and yield 

strength.[33][13]  

Similarly, the intrinsically high thermal conductivity of GNP has been reported to 

increase the thermal conductivity of polymer composites. Min et al. dispersed 1.89 

vol. % GNP in epoxy and reported a thermal conductivity of 0.54 W m-1 K-1, a 157 % 

increase from the polymer matrix alone.[34]  Shtein et al. reported an ultra-high 

thermal conductivity (12.4 W m-1 K-1) of their GNP (volume fraction 0.25) dispersed 

in epoxy (0.19 W m-1 K-1), providing an overall increase in thermal conductivity of 

6800 %.[35] An increase in thermal conductivity of polyethylene glycol/polymethyl 

methacrylate has been reported by Zhang et al. by dispersing GNP 8 wt. % in the 

polymer. The reported thermal conductivity of 2.34 W m-1 K-1 was 9 times that of the 

polymer matrix (0.25 W m-1 K-1).[36] A review of some of the reported thermal 

conductivities of polymer composites containing BN and GNP are listed in Table 1. 

Table 1 Thermal conductivities of GNP and BN polymer composites. 

Polymer Matrix Filler Loading Thermal 

Conductivity 

(W m-1 K-1) 

Ref. 

Pentaglycerine (PG)  GNP  4 wt. % 0.509 [37] 

Paraffin GNP 4 wt. % 0.29 [38] 

Polybutylene terephthalate 

(PBT)/polycarbonate (PC) 

GNP 20 vol. % 5.82 (in plane) 

1.06 (through plane) 

[39] 

Epoxy GNP 1 wt. % 0.33 [40] 

Poly carbonate (PC) GNP 20 wt. % 1.8 [41] 

Epoxy BN 30 wt. % 1.2 [42] 

Polyimide (PI) BN 40 wt. % 0.748 [43] 

Polysiloxane BN 15 vol. % 1.6 [44] 

High density polyethylene 

(HDPE) 

BN 50 vol. % 3.6 [45] 

Epoxy BN 9 vol. % 0.44 [46] 

 

Graphene and its analogues are often used as fillers to provide an electrically 

conductive network inside a polymer matrix. Conductive polymer composites offer an 

exciting opportunity in the development of electronic applications, 3D printing and 

tissue engineering due to the versatility of polymers.  Current research has reported 

the dispersion of GNP in polymer matrixes to achieve high electrical conductivities. 
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Table 2 displays reported graphene-polymer composites and their electrical 

conductivities. The table describes GNP-based composites to achieve electrical 

conductivities at ~10 wt. % solid loading, however Chandrasekaran et al. reported as 

little as 0.5 wt. % GNP in epoxy achieved a conductivity value of ~2 x10-3. 

Table 2 Reported electrical conductivities of GNP polymer composites. 

Polymer Matrix Filler  Loading  Conductivity 

(S m-1) 

Ref 

Polypropylene 

(PP) 

xGNP-15 5 vol.% 0.1 [47] 

Epoxy  Graphene 0.52 vol.% 1E-2 [48] 

Poly methyl 

methacrylate 

(PMMA) 

EG 1.00 wt.% 1E-3 [49] 

High density 

polyethylene 

(HDPE)  

EG 3.0 vol.% 1E-8 [50] 

(PET) Graphene 0.47 vol.% 7.4E-2 [51] 

Poly methyl 

methacrylate 

(PMMA)  

GNP 10 wt.% ~1 [52] 

Poly propylene 

(PP) 

GNP 10 wt.% 5E-3 [47] 

Polyvinyl chloride 

(PVC) 

GNP 14.8 wt.% 0.06 [53] 

Polyethylene 

glycol (PEG)/ 

polymethyl 

methacrylate 

(PMMA) 

GNP 2.0 wt. % 10-4 [36] 

Epoxy GNP 0.5 wt. % ~2 x10-3 [54] 

Poly lactic acid 

(PLA) 

GNP 15 wt. % 0.36 [55] 

Epoxy GNP 10 wt. % 0.005 [56] 
 

2.3.1 GNP and BN Hybrids 

In recent years, a trend has started to be seen in graphene/boron nitride hybrid 

composites for efficient thermal management of electronic devices.[57] Both materials 

are used in synergy to maintain graphene’s high thermal conductivity, whilst BN is 

used as a secondary filler for its electrically insulating properties (Figure 

7).[57][58][59] Work by Shtein et al. developed an epoxy graphene-BN hybrid and 

observed an increase in thermal conductivity of 3.06 W m-1 K-1 compared to the 
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polymer without fillers (0.19 W m-1 K-1).[57] The electrical resistive and high thermal 

conductivity of the hybrids were then applied as potting material for electronic 

devices. Another approach of BN-GNP hybrids was reported by Owais et al. where 

they dispersed GNP and BN inside short carbon fibres within an epoxy matrix, to 

improve thermal conductivity and electrical resistivity for thermal management 

applications in electronic devices (Figure 6).[60] They reported a thermal 

enhancement of 350 % with their functionalised composite containing 3 wt. % carbon 

fibre and 5 wt. % GNP-BN (1:1) compared to neat epoxy.[60] Shao et al. saw an 

increase in thermal conductivity of their GNP-BNNS PA6 hybrids by 350 % with 1.6 

wt. % BN and 6.8 wt. % GNP.[61] GO has also been used as a hybrid filler to BN, 

work by Wu et al. chemically reduced GO to form rGO that was fixed onto the surface 

of the BN flakes and dispersed in epoxy. They observed an increase in thermal 

conductivity of 390 % when 30 wt. % BN@rGO was dispersed in the polymer.[62] 

Yang et al. developed GNP and BN-PEG hybrids for the development of solar-

thermal-electric energy conversion and storage phase change materials. [63] The 

hybrids consisted of 1 wt. % GNP content with varying BN content 5 wt. % 10 wt. % 

20 wt.% and 30 wt. %. They found that by adding GNP as a secondary filler they 

increased the thermal conductivity of their 30 wt. % BN composite by 336 %.[63]  

The combination of BN and GNP hybrids seems promising for improving the thermal 

conductivity and electrical resistivity of polymer composites. With key applications in 

thermal management of electronic devices. The ability to manufacture these materials 

into complex geometries through 3D printing could offer a fast and reliable solution 

to current methods of fabrication using expensive tooling and dies. 

Figure 6 Schematic of Owais et al. preparation of functionalised GNP-BN short carbon fibre-epoxy composites. 

[60] 
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2.4 Additive Manufacturing Technologies  

Additive manufacturing has gained a great amount of attention over the past 

few decades. The potential to fabricate three-dimensional products with minimal 

waste to a high degree of accuracy has sparked interest within the manufacturing 

sector. Unlike other forms of manufacturing the additive manufacturing process 

involves the fabrication of a 3D part in a layer by layer fashion, rather than subtracting 

material to form the object. This technique produces minimal waste materials and can 

be used to produce highly complex and intricate objects. Whilst eliminating the need 

for expensive tooling and dies.[64]   

Current progress in AM techniques enables the design of complex geometries with 

hierarchal complexities. AM also enables the customisation of parts with integrated 

assemblies that can be adapted and manufactured easily without timely prototyping 

processes. 

2.4.1 History of Additive Manufacturing  

Additive manufacturing first emerged in 1987 with the creation of 

stereolithography by Charles Hall. Stereolithography involves the process of curing 

thin layers of photosensitive polymeric material with UV radiation from a laser.[65] 

SLA (stereolithography apparatus) was the first commercial 3D printer by 3D 

Systems; this further led to the creation of commercial first-generation acrylate resins. 

A few years later in 1991, new AM technologies were introduced into the commercial 

market, these systems included fuse deposition modelling (FDM), solid ground curing 

(SGC) and laminated object manufacturing (LOM). FDM utilises an extruded based 

system to build parts layer by layer using a thermoplastic filament, whilst SGC 

incorporates flooding each layer with UV light through a mask on a glass plate. [65] 

LOM operates by bonding and cutting sheet material through a guided laser. Selective 

Figure 7 Schematic representation of GNP-hBN hybrid, blue disks represent GNP red spheres 

represent hBN.[57] 
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laser sintering (SLS) was the next to be introduced in 1992 and uses heat produced by 

a laser to fuse together powdered materials. Direct shell production casting (DSPC) 

was then introduced in 1993, this method uses an inkjet mechanism, by depositing a 

liquid binder onto a ceramic powder to form shells used in investment casting.[65] As 

interest grew in AM technology, demand for accessible low-cost printers was a high 

priority. This has led to the commercialisation of 3D printers for home printing, from 

Formlabs and MakerBot. The main AM technologies used today include (Figure 8):  

 Stereolithography 

 Ink-jet printing 

 Extrusion printing, robocasting  

  Direct energy deposition 

  Sheet lamination  

  Powder bed fusion and binder jetting processes.[66]  

2.4.2 AM Process 

The AM chain for most AM technologies includes the conceptualisation of a 

3D image using CAD (computer-aided design) software (Figure 9). The 3D CAD 

Figure 8 Pictograph of additive manufacturing technologies. [157] 
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image is then saved or converted into an stl. file. Dependent on the AM technology 

used, further manipulations to the original file may be required, i.e. the introduction 

of slicing software for the layer by layer processes or the addition of supports for any 

fragile parts, bridges and overhangs.[66]  The build file is then sent to the 3D printer 

to begin the manufacturing process.  Once the printer has finished printing, the parts 

often require post-processing including cleaning to remove excess supports and 

uncured residue and second stage curing processes (thermal/UV curing).  

 

Not all AM technologies require CAD modelling, advances in AM technologies in the 

medical field use 3D scanning through computerised tomography (CT), magnetic 

resonance imaging (MRI) and 3D ultrasounds to build a 3D image.[66] Reverse 

engineering can also be used to collect data for AM production, this method uses laser 

scanning technologies to collect surface data from varying surfaces to build measure 

and reconstruct an existing component. Both these methods require further 

interpretation and processing to extract relevant sections to be built into a model.[66] 

Applications of AM parts include rapid prototyping, medical implants, braces and 

supports, jewellery, decorations, electronic circuit boards, art, product development, 

automotive and many more. One of the main limitations of AM is limited material 

selection. Polymers are often used for many AM processes due to their excellent 

3D Cad Modelling 3D Cad Modelling 
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Figure 9 Additive manufacturing process. 
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processability; however, their mechanical and physical properties limit their 

applications in industry.[67] One of the ways researchers have tried to combat this 

problem is through the addition of fibres and particles that can dramatically alter and 

tune the polymer properties for advanced applications. [67] However, the addition of 

secondary material can significantly change the properties of a resin including an 

increase in viscosity with increasing concentration of filler material, this can prove to 

be very problematic depending on the AM technology. A catalogue of parameters for 

each technique and the material combination would be highly beneficial for the 

manufacturing industry, however, as of yet this has not been achieved as material 

combinations and new technologies are constantly evolving.  

An overview of the working principles of AM technologies including SLA, FDM, 

SLS, Ink-jet printing and DIW will now be explored in the following subchapters.  

2.4.3 Ink-Jet Printing  

Ink-jet printing is also known as material jetting is a common 3D printing 

technique used for ceramic-based suspensions. Ink-jet printing deposits ink in the form 

of droplets from the printing nozzle onto a substrate via a thermal or piezoelectric 

method (Figure 10). The continuous droplet pattern than solidifies through 

evaporation, UV light or thermal exposure forming the first layer of the printed part. 

A new layer of droplets are then deposited on top of the previous one and the process 

continues in a layer by layer fashion.[68] The inclusion of supports is essential for ink-

jet printing to maintain the integrity of the 3D structure, these supports can be made 

from partially cured material or a soluble material which can easily be removed via 

washing. Factors affecting the printability of the ink include viscosity, contact angle, 

solid loading, density,  particle sizing, speed of printing and nozzle size.[69] 

One of the main advantages of ink-jet printing is the high degree of accuracy 

and excellent resolution in the z-axis, typical layer heights are between 16-32 microns 

with ±0.1% dimensional accuracy. Ink-jet printing attains fast print speeds this, 

however, can result in a coarse finish with lack of adhesion between layers.[69]  

Applications of ink-jet printed parts include electronic components, 

conductive tracks, resistors and thin-film transistors. It is also commonly used for 
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prototyping and bio applications, microfluidic and micro-optical devices (Figure 

11).[70][71][72] 

2.4.4 Selective Laser Sintering  

Selective laser sintering (SLS) uses a powder bed of fine particles closely 

packed together on top of a build plate. A laser or binder cures the top surface of the 

powder in the pattern of a layer from the associated stl. file. A roller than deposits a 

new layer of powder directly on top of the previous one and the process continues in 

a layer by layer fashion (Figure 12). After the process has been completed the final 

printed part is removed from the printer and excess powder is removed via a vacuum. 

The printed parts can then be post-processed using sintering, coating and/or 

infiltration.[69] SLS can be used to print polymers, metals and alloy components. The 

key conditions of printing using SLS are the associated particle size distribution and 

packing density of the materials, as these factors will determine the overall density of 

the final part. When a liquid binder is used the rheological properties of the binder and 

Figure 10 Diagram of the working principle of ink-jet printing. [158] 

 

(a)  (b)  

Figure 11 Images of printed parts using Ink-jet printing. (a) Copper ink printed 

electrodes and solar cells.[159] (b) Ink-jet printed microfluidic device. [160] 
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speed of deposition is important to ensure there is good interaction between the powder 

and binder. SLS that use a laser to fuse the particles together tends to produce parts 

with higher densities than binder deposition which are associated with high porosities. 

[73] 

Advantages of SLS includes the ability to print parts with good tolerances and fine 

detailing of complex parts.[74] One of the main advantages of SLS is that the 

surrounding powder is used to support the part during printing eliminating the need 

for additional supports.[75] These attributes make SLS an attractive technique for 

applications in aerospace, fashion, electronics and biomedical industries (Figure 

13).[75][76] The drawbacks of SLS consists of slow processing times due to the fusion 

of particles, coarse surfaces and the high-cost associate with the procedure.  

 

Figure 12 Diagram of SLS process. [73] 

 

Figure 13 Images of SLS printed parts. [161], [70] 
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2.3.5 Direct-Ink Writing  

Direct ink writing or robocasting is an extrusion-based 3D printing technique. 

It is used to fabricate 3D shapes generated from computer-aided design. Direct ink 

writing involves the squeezing of ink inside of a syringe through a nozzle onto a 

substrate, controlled by computer deposition (Figure 14).  

 

Figure 14 Schematic of robocasting [77] 

DIW is used to print mainly ceramics and polymers. The fluidity of the colloidal 

suspension or ink is important during the printing process, as the ink is required to 

travel through a small nozzle. Therefore the suspension should maintain a shear-

thinning behaviour during flow with quick elastic recovery.[78]  Once the material has 

been deposited onto a substrate the extruded ink should be self-supporting to fabricate 

a 3D part using a layer by layer process. The layer thickness achieved from DIW is 

relatively large compared to other additive manufacturing techniques such as 

stereolithography and ink-jet printing.[77] Extrusion-based printing can be used to 

print parts at room temperature or in a controlled environment. However dependent 

on the physical and chemical properties of the ink various adjustments to the printer 

have been engineered. These have included printing onto temperature-controlled 
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plates, using a UV light for curing processes and printing into oil baths to help retain 

shape and topography. 

Although originally used to print polymer and ceramic suspensions, recent works have 

shown an increase in printing inks containing 2D materials for a variety of applications 

from electronics to bio-applications (Figure 15).[64][79][80] 2D materials such as 

graphene, graphene oxide, TMDs, hBN, Mxenes can offer superior electrical, 

mechanical, insulating & electrochemical properties making them interesting 

materials to incorporate into suspensions for DIW and other additive manufacturing 

techniques.[81]   

2.4.6 Fuse Deposition Modelling  

 Fused deposition modelling (FDM) uses a spool of thermoplastic filament that 

is drawn through a heated nozzle (Figure 17). The heated nozzle converts the solid-

like filament into a semi-liquid phase and deposits as droplets or rods onto a build 

plate where it quickly cools back down to a solid phase.[69] Essentially FDM works 

similar to that of a hot glue gun. The printed part is then built up in a layer-by-layer 

fashion with supports included in the design. Post-processing of FDM parts is usually 

minimal with only the removal of supports required. Materials used in FDM include 

thermoplastics usually (polylactic acid (PLA), acrylonitrile butadiene styrene (ABS) 

and polycarbonate (PC)).[82][83][84] The simplistic and safe approach of FDM has 

made it one of the most widely used technologies as machines are readily available 

and affordable for everyone. Applications of FDM printed parts include fashion and 

textiles, prototyping, aerospace, medical devices (Figure 16).[85][86]  The limitations 

Figure 15 Photograph showing a 3D printed functional light emitting diode array made out of silver- thermoplastic 

polyurethane (Ag TPU) fabricated using DIW. [162] 
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of FDM, however, include poor surface finishes with low resolutions compared to 

other techniques, and printed parts with anisotropic properties.[87] 

 

2.4.7 Stereolithography (SLA) 

Stereolithography (SLA) was first developed in 1986 by Chuck Hull, and 

commercialised in 1988 by 3D systems.[88][89] The technique requires a 3D CAD 

model to be converted into an stl. file.[90] Slicing software is then used to deconstruct 

the image into layers for printing. The 3D image is then manufactured through the 

Figure 16 Examples of FDM printed parts[164] [84] [165] [166] 

Figure 17 Schematic of the working principles of  FDM.[163] 
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curing a photopolymer using a UV radiation from a laser source. The main principles 

of stereolithography are: 

 Components are cured when a UV beam scans across the surface of a 

photopolymer.  

 Parts are built layer by layer, each layer is scanned by an optical scanning 

system and controlled by an elevation mechanism, this lowers after each layer 

has been cured.  

There are two main configurations that can be used in SLA printing including a free 

surface approach where a UV laser traces a 2D image of the cross-section of the 3D 

part within a ‘bath’ of photoactive resin (Figure 18).[89]  After the layer is cured it is 

then lowered into the bath by a predefined distance and a fresh layer of polymer is 

then deposited on the top surface to continue the build. The second configuration of 

SLA is known as ‘bat’ configuration and uses a constrained surface approach; like the 

classic free surface approach, this approach builds parts layer-by-layer. The difference 

in this approach is that the object is built hanging from a moveable substrate, like a 

bat hanging from a ceiling.[89] The build plate is placed just above a vat of resin and 

Figure 18 Schematic of working principle of ‘vat’ polymerisation Stereolithography. 
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is lowered down onto the surface of a vat of resin to deposit a new layer of resin. 

Unlike vat configuration where the laser is positioned above the vat here, the laser is 

situated underneath the vat for curing.   

The laser polymerises the surface of the resin which represents a two-dimensional 

section of the sliced stl. file.[91] Each laser pass polymerises a parabolic cross-section 

of the resin.[92] Figure 19 represents the cross-section of the laser as it hits the surface 

of the liquid polymer. 

 

Key considerations for optimising the printing process include layer thickness, over 

and under-curing, speed of print, raster pattern of the laser, the temperature of the 

resin, the gap between the resin and zephyr blade and scattering effects from filler 

materials.[93][94] Therefore for each new resin formulation a new set of printing 

parameters is required. There are two critical parameters which are calculated and 

adjusted to produce a specific layer thickness, these include the depth of penetration 

of the laser Dp and critical exposure energy Ec. The Dp is related to the distance at 

which the laser penetrates through the resin from the top surface, where the energy of 

the laser is 1/e of its initial starting value. The Ec is the minimum amount of energy 

required to activate the polymerisation of the resin.[95] These parameters are related 

by the following working curve equation:  

 

 

 

 

𝐶𝑑 = 𝐷𝑝 ln [
𝐸0

𝐸𝑐
] 

 

(1) 

 

UV 

laser  

Resin surface  

UV curable polymer resin   

Dp  

Ec  

Figure 19 Parabolic cross section of UV laser produced on resin surface. 
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This equation is used to produce the working curve of the resin, Cd is the cure depth 

of the printed part and E0 is the maximum energy supplied by the laser.  

This equation can be used to find the optimum printing parameters of each new resin, 

by setting arbitrary values for the Ec and Dp values, a single layer can be printed and 

measured to find the thickness or Cd. The optimum Ec and Dp values can then be 

calculated by plotting Cd vs ln E0, to optimise and control the thickness of each layer 

(z-resolution).[96] 

The printing of highly loaded filler materials can present major challenges in SLA due 

to scattering effects and increased viscosities.[97] During printing, the filler materials 

can obstruct the photoinitiator from absorbing light resulting in under curing or a 

reduction in the Cd value. Previous work by Griffith et al. have studied the effect of 

highly loaded ceramic particles inside resins for SLA.[98] They observed the 

relationship between particle size, volume fraction, scattering properties and the Cd 

using the Beer-Lambert law:  

  

 

 

 

𝐶𝑑 ∝  
𝑑

∅𝛽(𝑛𝑐𝑒𝑟𝑎𝑚𝑖𝑐 − 𝑛𝑟𝑒𝑠𝑖𝑛)2
 𝑙𝑛 (

𝐸0

𝐸𝑐
) 

 

 

(2) 

 

 

 

 

Where d is the particle size, ∅ is the volume fraction of the particle inside the resin, n 

is the refractive index of the ceramic and resin phase and 𝛽 is related to particle size 

and wavelength of radiation.  

The equation states that the depth of cure of the resin is directly proportional to the 

particle size of the ceramic and the natural logarithm of the exposure energy E0, and 

inversely proportional to the volume fraction of the ceramic. The cure depth is 

therefore also inversely proportional to the refractive index 𝛽n2. [99][99] 

Although this equation can be used for calculating the printing outcomes of resins for 

SLA with varying volume fractions of ceramic particles, it may not translate when 
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incorporating 2D materials. This is because the morphology of 2D materials are 

flakes/platelets as opposed to spherical ceramic particles, resulting in high surface 

areas and tendencies to aggregate.  

SLA Resins and Photopolymers  

Understanding current SLA resins and photopolymers is very important to 

enable the design of reinforced photocurable inks. The choice of resin will dictate the 

type of reaction that will take place during polymerisation, this will affect the cure 

time, degree of shrinkage and mechanical properties of the printed parts.[100]  

Photopolymers were first developed in the late 1960s and were commercially used in 

the coating and printing industry.[66] Many photopolymers or radiation-curable resins 

react to radiation in the ultraviolet (UV) range of wavelengths between 100nm-400nm 

(Figure 20). These materials undergo chemical reactions to solidify known as photo-

polymerisation.[66]  

SLA photopolymer resins usually fall into two main polymeric systems acrylates and 

epoxides. Acrylate resins are highly reactive however result in a significant degree of 

shrinkage, whereas epoxides have slower photo speeds but can produce more accurate 

parts.[101] Shrinkage in epoxy-based resins is ~1-2 % whereas acrylate resins have 

been reported to be between 5-20 %.[66] Notably, the polymerisation of epoxy-based 

resins is not inhibited by atmospheric oxygen, whereas acrylate-based resins are. 

Oxygen inhibition can be catastrophic to the polymerisation of the monomer or 

oligomer, as the oxygen in the air stops the molecules at the surface from 

polymerising, causing a wet or tacky surface. Extra measures can be taken to try and 

minimise the effects of oxygen inhibition, these include creating an oxygen-free 

Figure 20 Electromagnetic spectrum[167] 
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atmosphere by printing in an inert atmosphere such as argon.  Sensitizers may also be 

used in the ink formulation to transform oxygen from a reactive to non-reactive state 

with free-radicals.[102] The simplest method to eliminate the effects of oxygen 

inhibition is by changing to an efficient photoinitiator. 

Acrylate resins cure through free-radical photo-polymerisation and epoxy resins cure 

using cationic photo-polymerisation during the printing in SLA.[66] When SLA resins 

are exposed to UV light the photoinitiator converts light energy into chemical energy 

by forming cations or free radicals.[103] In free radical polymerisation, radicals or 

ions break off the initiators after UV exposure, the radicals then start to react with the 

monomer to initiate polymerisation. In cationic reactions, a strong acid (Lewis acid) 

is released from the initiator starting the bonding process.[104]  

Free-Radical Polymerisation  

Free-radical polymerisation is widely used in SLA as acrylate resins display 

superb reactivity and quick processing times. [104]  Like most polymerisation systems 

free-radical polymerisation begins with initiation, propagation then finally termination 

(see below). [105] 

P-I           -I    (free radical formation) 

I    + M           I-M    (initiation) 

I-M             …         I-M-M-M-M…-M    (propagation) 

I-M-M-M-M…-M-I (termination)  

P-I photoinitiator, M molecule,    free radical  

Free radical polymerisation begins with light irradiation of the photoinitiator. The 

activated compound then splits into two creating two free-radicals (Figure 22). These 

radicals then attack the surrounding oligomer or monomer transforming it into a 

radical (Figure 21). The radical monomer attacks the surrounding monomers 

transforming them into radical monomers. This process continues by adding monomer 

groups to the radical monomers forming polymer chains. The polymerisation step is 

finally terminated by either by coupling of two radicals, whereby one radical reacts 
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with another radical. Or by the transference of β-hydrogen between two radicals where 

a saturated and unsaturated product is produced (disproportion).[106]  

 

 

 

 

 

 

 

 

Acrylate functionality Acrylate radical 

Figure 22 Chemical structure representing an acrylate functionality and acrylate 

radical. [102] 

1. Liquid non-

polymerised ink 

 
2. UV radiation 

activates 

photoinitiators. 

 
 

3. Photoinitiators 

become macro-

molecules, 

polymerisation 

occurs.  

 

4. The ink has been 

polymerised with 

integration of the 

filler materials.  

Monomers and oligomers  Photoinitiators   Fillers   Free-radicals    

1   2 

3  4 

Figure 21 Schematic of photo-polymerisation. 
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An example of a free-radical photoinitiator is Phenylbis (2, 4, 6-trimethylbenzoyl) 

phosphine oxide known as BAPO, it has the following chemical structure:  

 

Other commonly used free-radical photoinitiators include Irgacure 2959 and 184, 

which have the following chemical structures respectively:   

 

 

The photoinitiators in Figure 23,Figure 24Figure 25 have been used to polymerise 

acrylate resins, such as Poly(ethylene glycol) diacrylate (PEGDA) for biomedical 

applications and printed packaging.[107][108][109] [110] 

 

 

 

 

 

BAPO 

Figure 23 Chemical structure of BAPO. 

Irgacure 2959 

Figure 24 Chemical structure of Igacure 2959. 

Irgacure 184 

Figure 25 Chemical structure of Irgacure 184. 
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Poly (ethylene glycol) diacrylate (PEGDA)  

Poly(ethylene glycol) diacrylate (PEGDA) is a well-known oligomer used in UV 

curable resins due to its high reactivity and good polarity.[111] PEGDA is a PEG-

based polymer with double bond acrylate groups, these side groups allow for 

photocrosslinking (Figure 26).[112] PEGDA is non-toxic and is available in different 

molecular weights for preferred cross-link densities.[113] For these reasons, it is often 

used in SLA resins for applications in biomedical, thermo-mechanical and electronic 

applications.[114][115] [116]  

Overall the curing process involved in SLA is highly dependent on the monomer 

functionality and reactivity, temperature, photo speed, light intensity, depth of 

penetration of the laser, photoinitiator concentration, addition of fillers and 

stabilizers.[91] This can present many challenges when developing 2D material-based 

composite inks due to the vast amount of variables. However, the opportunity to print 

lightweight multi-functional complex parts is an exciting opportunity for the AM 

industry, with applications including biomedical, electronics, fashion, and aerospace, 

automotive and thermal management systems.[116][117][118]  

Figure 26 Chemical structure of PEGDA. 

 

Figure 27 Example of SLA printed parts.[168][118][117] 
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 2.4.8 Summary of AM Technologies  

After reviewing the AM technologies it is clear that there are key advantages 

and disadvantages for each technique some of which have been listed in Table 3. The 

final application and resin chemistry will govern the decision for the 3D printing 

technique. For instance, the manufacture of metallic structures would see the 

implementation of SLS, whereas high viscosity fluids would be suitable for DIW. For 

quick and inexpensive prototyping FDM can be used, and for high resolution printed 

parts with good surfaces finishes, photopolymers and SLA would be the preferred 

choice. 

Table 3 Summary of Additive manufacturing techniques. [119] 

Technique Materials Resolution 

(µm) 

Applications Benefits Drawbacks 

Material jetting 

(Inkjet Printing) 

Dispersion of 

particles in a 

liquid, 

ceramics  

polymers 

~30 [120] Biomedical 

Electronics  

Quick print 

speeds 

Weak bonding 

between layers 

Can cause 

course 

resolutions 

Stereolithography  

(SLA) 

UV curable 

monomers, 

ceramics  

50 [121] 

 

Prototyping 

Biomedical  

 

Good 

resolution 

and quality 

build 

Limited 

materials, 

requires large 

quantities of 

material, 

Slow print 

speeds 

Powder bed fusion 

(selective laser 

sintering, SLS) 

Fine powders of 

metals, alloys and 

some polymers  

80-250 

[119] 

Electronics 

Biomedical  

Aerospace  

High quality 

prints good 

resolutions 

Slow print 

speeds, high 

porosity,  

Expensive 

Extrusion-based 

printing 

(direct ink-write, 

DIW) 

Polymers/ 

Ceramics  

50 [122] Biomedical  

Electronics 

prototyping  

advanced 

composites 

Fast print 

speeds 

simple 

Low cost  

Weak 

mechanical 

properties  

Fuse Deposition 

Modelling (FDM) 

Thermoplastics/ 

metals 

50 [123] Functional 

prototypes 

Quick print 

speeds, low 

cost 

Low 

resolutions/ 

rough surface 

finishes  

 

2.5 Ink Design  

Ink design for 3D printing applications usually involves the dispersion of filler 

material in a polymer resin. The filler material acts as the functional component of the 

composite whilst the polymer is used for its versatility in processing. Printable Inks 
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may also contain an initiator for thermal or UV curing and binders or dispersants to 

improve the homogeneity of the ink. This sub-chapter discusses the key characteristics 

of 2D material-based inks including the rheological properties and ink dispersions.   

2.5.1 Rheological Properties of Inks  

One of the main properties that is considered in ink design for 3D printing is 

the viscosity and rheological properties of the ink. As it is these properties that will 

determine if the ink will flow for recoating in SLA, travel through the nozzle and hold 

its shape for extrusion-based systems, and to control droplet generation in ink-jet 

printing.[124]  

General Rheological Terms  

To understand the rheological properties of a suspension key terms and 

equations should be first defined.  

Viscosity 

 𝜇 =
𝜏

𝛾
 

 

(3) 

 

Here µ is defined as the viscosity of the fluid, γ is the shear strain rate experienced at 

τ the shear stress. The viscosity is, therefore, a measurement of resistance to flow when 

deformed by an external force.[125] 

Intrinsic Viscosity  

The intrinsic viscosity η, of a suspension, is the ratio of the specific viscosity 

to the concentration of the solute, as the concentration reaches zero.[126]  The units 

for intrinsic viscosity are ml/g, and can be calculated using the relative viscosity ηr of 

the suspension: 

  

 

𝜂𝑟 =
𝜂

𝜂0
 

(4) 

 

Herschel-Buckley  

The Hershel-Buckley model is often used to model suspensions whose 

viscosities are effected by changing shear rates.  
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𝜏 = 𝜏𝑦 + 𝐾𝛶𝑛 
(5) 

 

Where n is the shear-thinning coefficient and, K is the viscosity parameter and τy is 

the yield stress. When n is equal to 1 the suspension displays Newtonian behaviour 

when n ≤ 1 it is considered to be shear-thinning and when n ≥ 1 it is shear-thickening 

or dilatant.  

The Herschel Buckley model is frequently used to find the yield stress of 3D printable 

resins, to understand the behaviour of the inks through the 3D printing technology 

under different applied stresses and shear rates. The results of which can then be 

applied to semi-empirical and theoretical models to find the effective viscosity of the 

resin for a deeper understanding of the rheological properties of the inks that can be 

applied to estimate or predict the behaviour of future ink designs.  

Rheological Models for the Effective Viscosity of Fluids Containing Nanoparticles  

The effect of nanoparticles on the rheological properties of suspensions has 

been heavily investigated throughout literature. Most fluids will show a Newtonian 

behaviour however, some fluids that contain high fractions of nanoparticles may 

exhibit non-Newtonian behaviour shear-thinning. With increasing volume fractions of 

particles the effective viscosity increases in relation to the base fluid. The ratio 

between these two viscosities is known as the effective viscosity ratio.[127] When the 

particle size is very low (submicron) even the addition of a small fraction of 

nanoparticles will result in shear-thinning behaviours.[128] As a general rule, the 

effective viscosity of a suspension increases with the increase in particle volume and 

or the decrease in the size of the particle.  

Einstein Model  

Einstein first analysed dilute suspension containing rigid uncharged spherical 

spheres. As the suspensions were so dilute it was deemed that the disruption of 

particles would not interact with one another, with the assumption that the relative 

viscosity of a suspension is a linear function to the intrinsic viscosity.[126] Einstein’s 

work stated that the velocity of a fluid on the top surface of the particle is greater than 

on the bottom causing the particle to rotate.  
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µ𝑒𝑓𝑓

µ𝑏𝑓
= 1 + [𝜂]𝜙 + 𝑂(𝜙2) 

 

(6) 

 

µeff and µbf is the effective viscosity and baseline viscosity respectively. η is the 

intrinsic viscosity which is equal to 2.5 for a suspension containing spheres. This 

equation is only valid when the volume fraction,  𝜙 ≤ 0.01.[129]  

Batchelor Model  

Batchelor later improved upon the Einstein model by including the effects of 

high volume fractions of particles 𝜙 ≥0.01 on the viscosity of a suspension. Bachelor’s 

equation takes into consideration the interaction of disturbance of one particle on 

another nearby particle due to Brownian motion.[130] 

  

µ𝒆𝒇𝒇

µ𝒃𝒇
= 𝟏 + 𝟐. 𝟓𝝓 + 𝟔. 𝟐𝝓𝟐 + 𝑶(𝝓𝟑) 

(7) 

 

 

The value for the second-order of particles interactions has been reported to vary 

between 5.2 to 7.6 for spherical particles.[126] 

Krieger and Dougherty Model 

Krieger and Dougherty later introduced a semi-empirical model for the 

effective viscosity for higher concentrations of particles.[131] The model is used to 

identify the effective viscosity of micro/millimetre-sized particles.  

  

 

µ𝑒𝑓𝑓

µ𝑏𝑓
= (1 −

𝜙

𝜙𝑚
)

−[𝜂]𝜙𝑚

 

 

(8) 

 

 

Where 𝜙𝑚 is the maximum particle volume fraction at which flow occurs the value of 

which is usually represented as 0.605.   

Experimental data by Chen et al. found that the rheological properties of their TiO2-

EG nanoparticles (diameter 25 nm) suspensions were governed by the aggregation of 
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the particles in the solution. They concluded that when nanoparticles are present in a 

suspension they mostly exist as aggregates, therefore Chen et al. put forward the 

following equation to include the effect of aggregation of particles: 

  

µ𝑒𝑓𝑓

µ𝑏𝑓
= (1 −

𝜙𝑐𝑠

𝜙𝑚
)

−[𝜂]𝜙𝑚

 

 

(9) 

 

Where 𝜙𝑐𝑠 represents the volume fraction of clustered particles.  

 

Modified Krieger and Dougherty  

The modified Krieger Dougherty model for the effective viscosity of 

nanofluids was later introduced to include the effects of aggregates and interfacial 

layer formation of particles in a suspension.[130] Particle size distribution was used 

to characterise the clusters in the suspension.  

  

µ𝑒𝑓𝑓

µ𝑏𝑓
= (1 −

𝜙𝑒𝑠𝑐

𝜙𝑚
)

−[𝜂]𝜙𝑚

 

 

(10) 

 

Here 𝜙𝑒𝑠𝑐 is the effective volume fraction of clustered spheres, which is derived from  

  

𝜙𝑒𝑐𝑠 = 𝜙𝑐𝑠(1 + 𝛽)3 

 

(11) 

 

 

Where β represents the thickness ratio of the interfacial layer.  

2.5.2 Ink Dispersions  

Good dispersion of 2D materials within a polymer resin is critical for 3D 

printing to improve the mechanical, thermal and electrical properties of the printed 

parts.[132] The main concern when dispersing 2D materials in polymer resins is their 

tendency to form agglomerates, these agglomerates can form pockets of trapped air in 

the structures (Figure 28). This can lead to voids and defects in the matrix and 

therefore reduce the functionality of the printed composite.[133] The reason why 
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nano-fillers form aggregates are because of their high surface areas and high surface 

energies.[134] These high surface energies produce strong interfacial interactions in 

the polymer resin.[135] Agglomeration of the nano-fillers can be avoided by choosing 

suitable organic solvents for dispersion, functionalisation of the fillers and choosing 

suitable production methods.  There are many ways in which researchers have tried to 

improve the dispersions of 2D materials within a suspension with methods including 

ball-milling, high-speed mixers, shear mixing and ultra-sonication.[136][137] 

Sonication methods are used for high-frequency dispersions of 2D material 

composites, while ball-milling removes agglomerates from shear and compressive 

forces.[138] Both these methods can damage the nanoplatelets and alter the original 

geometries due to their harsh production methods. Speed mixing, however, can be 

used for a large range of viscosities and uses asymmetric centrifugal forces to mix the 

inks and remove any cavities, resulting in inhomogeneous mixtures of suspensions.  

2.6 Applications and Properties of 3D Printed 2D 

Material-based Polymer Composites  

Applications of 3D printed 2D material-based composites is as vast as the 

multi-functionality of the filler. Most of the published literature focuses on the 

production of electronically conductive inks.[139][140][141][142] However, many of 

the fillers are used for reinforcement purposes of the polymer material.[143][144] An 

overview of some of the literature on 3D printed applications of Graphene and BN 

material composites will now be discussed in the following sub-chapters.  

Speed Mixing  

Trapped air pockets  

Figure 28 Diagram of filler agglomerates forming in a resin. [133] 
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2.6.1 3D Printed Graphene and BN-based Composites  

Work by You et al. incorporated 50 wt. % graphene content into a printable 

suspension using solvents, dispersants and thickening agents for DIW 

applications.[80] They observed excellent electrical stability under bending stresses 

by their lightweight electrically conductive inks.[80] Li et al. successfully 

incorporated giant graphene oxide (GGO) into suspensions for printing flexible 

electronics using direct-ink writing.[145] 3D printing of graphene oxide by García-

Tuñon et al. have reported the development of inks containing 1.75-3 wt. % GO, the 

inks were printed, freeze-dried and then reduced to obtain conductive rGO structures 

with microscopic porosity (Figure 29).[81] Zhu et al. developed a method for printing 

periodic graphene aerogel microlattices via direct-ink writing.[146] Conductivities 

ranging from 87- 278 Sm-1 was achieved from their GO ink formulations containing 

20-40 mg ml-1 respectively. The printed parts attained relatively low densities and 

supercompressibilities which they could tune the mechanical properties by modifying 

the microstructure. 

 

Figure 29 3D-printed graphene structures using DIW. Images showing filament pile (d) and woodpile structures (e) 

printed through a 150 µm nozzle with a highly concentrated GO/BCS ink (2.5 wt.% GO)[81] 

 

Carey et al. used inkjet printing to print flexible and washable field-effect transistors 

for wearable electronics using heterostructures with graphene and BN inks (Figure 

30).[147] BN inks with enhanced thermal conductivities of 2.1 W/mK at 40 vol. % by 

Guiney et al. has been reported printed using extrusion-based methods.[148] Foster et 

al. have used graphene and PLA to produce FDM filaments that were used to print 

disc electrodes for energy storage devices (Figure 30).[149]  Jakus et al. produced 
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graphene polylactide-co-glycolide (PLG) inks for DIW, that were electrically 

conductive (800 S/m) and biocompatible for applications in bioelectronics.[150]       

   

2.6.2 Stereolithographic Printed Graphene and BN-based Composites 

Printing of 2D-material based composites via SLA has been scarcely reported 

on thus far. The large aspect ratios of the platelets can produce challenges in ink 

dispersions, a significant increase in the viscosity and large amounts of scattering or 

absorption by the filler.[151][152]    

Korhonen et al. conducted a study focusing on graphene printed structures using 

stereolithography. Korhonen et al. first produced inks containing graphene oxide 

dispersed in a photo-cross linkable acrylic resin.  After the parts were fabricated the 

composite was pyrolysed under a nitrogen atmosphere to reduce the GO and 

decompose the polymer. The inks contained 1, 2 and 3 wt. % of GO dispersed inside 

a commercial polymer resin. The homogenised resins were then tested against non-

graphene containing resins to determine the cure depths (Cd) and light exposures (E0) 

Figure 30 (a) Process of producing graphene-based inks for bioelectronics applications.[150] (b) 3D printed 

lumbor spine replica and double helix ( 60 vol. % hBN).[148]  (c) Ink-jet printed graphene and BN 

transistors. [147] (d) FDM printed graphene electrodes for energy storage applications. [149] 

(a)  (b)  

(c)  
(d)  
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required to successfully 3D print. The results showed that GO containing resins 

experienced much lower penetration depths (Dp) than the graphene-free commercial 

resin. 2D 1mm thick films were printed to test the electrical conductivity of the 

composite and 3D porous scaffolds were printed to mimic the complex geometries for 

tissue engineering (Figure 31).[153] 

 

Figure 31 Photograph and SEM image of GO scaffolds made by stereolithography.[153] 

Lin et al. 3D printed scaffolds containing GO via stereolithography (Figure 32). The 

scaffolds displayed an increase in tensile strength of 62.2 % and elongation of 12.8 % 

with only a 0.2 % addition of GO, resulting in a good combination of strength and 

ductility.[154] They tested the mechanical properties of the 3D printed parts, finding 

that an increase in ductility was caused by an increase in crystallinity of the GO 

reinforced polymer. Further compression tests revealed a metal-like failure model of 

the GO nanocomposites.[154] 

 

Figure 32 Stereolithography printed polymer and GO reinforced polymer (0.5 wt.%)[154]  
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Research by Manapat et al. also used dispersed GO in a commercial SLA resin to 

improve strength properties. They reported a tensile strength increase of 673.6 % with 

the inclusion of 1 wt. % GO (Figure 33).[155] 

Recently Bustillios et al. reported the dispersion of boron nitride nanosheets (BNNS) 

in a commercial resin (FLGPCL02, Formlabs Inc.) for SLA applications (Figure 34). 

They used BNNS as a reinforcement filler for printing scaffolds and found that their 

1 wt. % composites damping response had a loss tangent two times higher than the 

polymer without filler. However, they also reported a decrease in compressive strength 

in the 3D printed scaffolds attributed to poor curing due to excess scattering from the 

BN sheets.[156] 

2.7 Conclusion  

This project aims to develop UV-curable 2D material-based composite inks for 

3D printing of multi-functional parts via SLA.  

The unique properties of GNP and hBN have been highlighted in 2.2, both GNP and 

hBN show high thermal conductivities and can enhance the thermal conductivity of 

polymer composites significantly even at relatively low loadings ~2 wt. %. Notably, 

Figure 34 BNNP SLA printed scaffolds. (b) 0 wt. %, (c) 1 wt. %, (d) 5 wt. %.[156] 

Figure 33 (A) Tensile strength comparison of GO nanocomposite printed using SLA and casted. 

(B) GO printed composite. [155] 
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GNP is considered an electrical conductor while BN is an electrical insulator. The 

combination of the two as hybrids creates a synergetic effect for improved thermal 

conductivity while maintaining electrical insulating properties for potential 

applications in thermal management of electronic devices.  

Although there have been some reports of 2D material-based composites, there 

are few reports in the literature using additive manufacturing to create these 

composites. The diverse array of 3D printing technologies offers different qualities in 

resolution, part dimensions, tolerances and finishes. Each printing technology has a 

different set of limitations and capabilities which will provide new manufacturing 

challenges when trying to print using 2D materials and their related composite 

materials. Stereolithography can be used to fabricate parts with high resolutions and 

good surface finishes, however, as of yet, the literature has focused mainly on ceramic-

based composites rather than 2D materials. Therefore, it would be interesting to 

combine the structural and functional properties of GNP and BN with the AM 

technique SLA for the efficient manufacture of multi-functional composites. For 

potential applications in electronics, thermal management, medical, automotive, 

aerospace and engineering applications. 
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Materials and Method  
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3.1 2D Material Synthesis 

Hexagonal boron nitride powder (Alfa Aesar, 99.5 % (metal basis)) starting 

flake size ~7.45 was exfoliated using liquid-phase exfoliation method. Deionised 

water and 2-propanol (Alfa Aesar, 99+ %) were mixed in the ratio 1:1, 150 mg/ml of 

hBN powder was added to the solution and sonicated (30 Hz, 37 W power) in an ultra-

sonication bath (Thermo Fisher Scientific) for 1 hour at 25 °C. During sonication, a 

water cooling system was used to obtain a constant temperature. After sonication, a 

white suspension was obtained consisting of a homogenous phase and some large 

aggregates. Bulk material was removed by centrifugation at 1000 rpm for 20 minutes 

to leave a homogeneous dispersion of hBN. The hBN flakes were then collected using 

vacuum filtration (cellulose filter paper, Whatman) and washed through with 

deionised water to remove the excess solvent. The hBN flakes were then characterised 

using AFM and SEM to determine the average lateral size to be ~4.28 µm. This proved 

to be the optimal exfoliation method for producing flakes with large lateral sizes after 

previously trying different exfoliation times and techniques including tip sonication.  

Graphene nanoplatelets (xGNP, grade M 25, XG Sciences) starting flake size ~5.75 

µm were prepared using the same liquid-phase exfoliation method as previously 

mentioned. The average flake size of the GNP after exfoliation was determined to be 

~4.31 µm.  

3.2 UV-Curable Composite Ink Formulation 

To produce photo-cross linkable inks suitable for SLA the ink must consist of 

two main components; a monomer resin consisting of molecules with highly sensitive 

acrylate end groups or epoxide end groups and a photoinitiator (PI). For the SLA 

(Viper Si2, 3D systems) used in this research, the photoinitiator was required to begin 

initiation at 354.7 nm wavelength.  Poly (ethylene glycol) diacrylate (Sigma-Aldrich, 

Mn 575) was selected due to its already established use as a photocurable resin in 

SLA[1][2][3][4]. The photoinitiator selected for this study was Phenylbis (2, 4, 6-

trimethylbenzoyl) phosphine oxide (97% powder, Mw 418.5, Sigma-Aldrich) also 

known as BAPO and Irgacure 819. BAPO was chosen due to its high reactivity at 295 

nm and 370 nm suitable for the SLA, some pre-trials of other photoinitiators including 

Irgacure 184 and 2959 were eliminated due to the quality of print achieved.  
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BAPO (1 wt. %) was added to PEGDA and mixed for 2 hours at room temperature 

using a magnetic stirrer until a homogenous yellow resin was obtained. Due to the 

highly reactive properties of BAPO even within the visible light range all dispersions 

needed to be covered with aluminium foil to avoid unwanted curing whilst mixing. 

The resulting resin made the basis of all further photocurable inks (UV-ink).  

The exfoliated hexagonal boron nitride and GNP flakes were then added in varying 

concentrations (table 4) to the UV-ink and speed mixed using DAC 150 SP Mixer 

(Synergy Devices Limited). To achieve inks with good dispersions, a small amount of 

the UV-resin was first added to the nano-platelets within a PP (polypropylene) speed 

mixing container and mixed for 3 minutes at 2000 rpm. This enabled a thick paste of 

either hBN or GNP to be formed (figure 35). The subsequent UV resin was then added 

to the paste and mixed for a further 10 minutes at 2500 rpm in 120s cycles with a 30s 

rest period in between each cycle to avoid overheating of the speed mixer. For 

increased concentrations of hBN or GNP faster speeds or longer mixing times can be 

used to ensure a smooth homogenous ink is formed without agglomerates.  

Table 4 Concentration of 2D materials in PEGDA resin used to describe the naming of the composites. 

 

 

 

 

Ink BN (wt. %) GNP (wt. %) vol. % PEGDA (wt. %) 

BN 0.1 0.10  0.05 99.90 

BN 1 1.00  0.53 99.00 

BN 2 2.00  1.07 98.00 

BN 4 4.00  2.13 96.00 

BN 8 8.00  4.27 92.00 

BN 20 20.00 - 10.67 80.00 

GNP 0.1 - 0.10 0.05 99.80 

GNP 1 - 1.00 0.53 99.00 

GNP 2 - 2.00 1.07 98.00 

GNP 4 - 4.00 2.13 96.00 

GNP 8 - 8.00 4.27 92.00 
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3.3 Hybrid Inks  

Hybrid inks containing both hBN and GNP as fillers were chosen due to their 

high theoretical thermal conductivities. Hexagonal boron nitride has a theoretical 

thermal conductivity of 600 W/mK in-plane and 30 W/mK in the out plane direction, 

whilst graphene shows thermal conductivities between 200-2000 W/Km in-plane and 

2-800 W/Km out of plane [5]. These high thermal conductivities make hBN and GNP 

attractive fillers for increasing the thermal conductivity of polymers. Hybrids of GNP 

and hBN were developed to achieve high thermal conductivities for thermal 

management applications in electronics whilst eliminating any electronic 

conductivity.  

Hybrid inks containing both hBN and GNP were synthesised using PEGDA and 

BAPO as previously mentioned. Bulk hBN (44µm, Alfa Aesar, 99.5 % (metal basis)) 

was used as the primary filler and mixed with the UV-ink using DAC 150 SP Mixer 

(Synergy Devices Limited) for 10 minutes at 2500 rpm in 120 s cycles with a 30 s rest 

period. The secondary filler either eGNP or eBN were added in varying ratios 1:1, 1:4, 

Smooth uniform GNP UV-Ink 

after further speed mixing.  

Paste produced from speed 

mixing GNP with a small amount 

of PEGDA  

Figure 35 Speed mixing results of GNP and UV curable ink.(Left image) Results from mixing a small 

amount of PEGDA with GNP flakes to produce a course paste, (right image) Smooth resin after the rest 

of the UV has been added to the paste. 
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1:9, 1:19 and 0.2 :19.8. The maximum solid loading of the inks was 20 wt. % in 

respects to the UV-ink.  

3.4 Printing  

Like most 3D printing techniques, SLA requires a 3D CAD model of an object 

to be printed. In this work, the majority of CAD files were generated using Autodesk 

Inventor Professional and converted into an stl. file. This file was then imported to 

‘3D Lightyear’ a programme set up to communicate the stl. file to the SLA printer. 

Here a computerised build platform was generated to imitate the one in the SLA Viper 

Si2 (3D Systems). The supports could then be generated and edited were required to 

assist in the printing. The CAD model with supports could then be sliced into a series 

of layers to be printed.  

Setting up the SLA firstly requires filling the vat with a photoactive resin, this could 

take the form of either a petri dish for 2D prints or a larger vat for 3D prints. To avoid 

bubbles within the resin the inks were always transferred carefully into the vat. The 

build plate could then be aligned to sit approximately 0.5 mm on the top surface of the 

resin. The temperature control was then set between 25-30 °C as the SLA will not print 

outside of this range. The main parameters of the resin the Ec, critical exposure energy 

and Dp, depth of penetration of the laser could then be selected, the optimised values 

of these were found from running a test called ‘Window Panes’.   

Window Panes  

The Window Panes test was created to find an appropriate photoinitiator (PI) 

and PI concentration to print using UV curing of the SLA laser. The test is used to find 

the depth of penetration (Dp), the distance where the laser’s energy attenuates to 1/𝑒 

of the surface energy, and the critical exposure energy (Ec), the minimum energy 

required to initiate polymerisation.[6] These parameters are calculated using the 

working curve equation (12) and represent the optimum printing parameter for the 

resin, as the Dp and Ec parameters are the only adjustable printing parameters directly 

related to the chemistry of the resin. All new resins should go through the Window 

Panes test before printing a 3D part to help optimise the final resolution. The window 

panes tests involve printing five ‘panes’ (one layer thick films) (figure 36) each of 

different thickness. The set thickness of each pane should be 80, 100, 120, 140 and 

160 µm (Cd1 the thinnest up to Cd5 the thickest pane), each pane is cured using 
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different energy intensities known as the exposure energy E0. The thickness of each 

pane is then measured, this thickness is known as the cure depth (Cd), the maximum 

resolution in the z-axis. The Cd of each pane is then plotted against its related E0 to 

produce a working curve (Figure 37). The gradient of the curve is represented by the 

Dp depth of penetration of the laser and the x-intercept representing the critical 

exposure energy Ec. The Ec and Dp values are used to calibrate the SLA for each resin 

formulation as the chemistry of the resin and type of filler and concentration of filler 

will affect these parameters. 

 

The 

windows pane test was used to calculate the optimum printing parameters for each of 

the composite inks to obtain the best resolution possible. The results of the tests were 

 

 

𝐶𝑑 = 𝐷𝑝 ln [
𝐸0

𝐸𝑐
] (12) 
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Figure 37 Graph showing a typical representation of the working curve from the window panes test. The measured cure 

depth (Cd) is plotted against the exposure energy (E0) on an ln scale. The gradient of the curve provides the Dp value, 

how far the laser can penetrate through the resin where the intensity of the laser reaches 1/e of its original value. The x-

intercept is the Ec value were below this exposure energy curing will not occur. 

Cd1 Cd2 Cd3 Cd5 Cd4 

Figure 36 Schematic of printed window panes showing a series of 5 panes Cd1 

representing the thinnest pane to Cd5 the thickest pane 
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also used to study the scattering effects of the laser interacting with the GNP and hBN 

fillers, to gain a deeper understanding of the requirements and challenges of 3D 

printing with 2D materials. 

Post-processing  

Post-processing of all printed parts via stereolithography firstly involves the 

removal of all supports. If the supports were relatively soft and under cured these could 

be easily removed by hand and washing carefully, however, if the supports were more 

rigid scissors or clippers were used to remove the supports. Following on from this all 

printed parts were then washed in a bath of isopropanol to remove any excess un-

polymerised resin that remained on the surface. The parts were then moved to a UV 

oven were they further cured for 15 minutes to fully polymerise the parts and leave a 

smooth finish without any tacky surfaces.  
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3.5 Characterisations  

Scanning Electron Microscopy (SEM)  

Scanning electron microscopy is used to image the surface of a material on a 

micron and sub-micron level. Standard optical microscopy is limited by the longer 

wavelengths of visible light. Electrons can be used to image samples at a much higher 

resolution at sub-micron levels due to their shorter wavelengths. The improvement of 

resolution from imaging the surface of a sample can range from microns in optical 

microscopy to nm in scanning electron microscopy.  

SEM uses a condenser lens to focus a beam of electrons onto the surface of the sample; 

this, therefore, limits the area of sample that can be imaged at any one time (figure 

38). A raster mode is used to image the surface of a sample line by line to produce an 

image. There are three main signals produced when the electron beam interacts with 

the surface of a sample these include secondary electrons (SE), backscattered electrons 

(BSE) and characteristic X-rays. Secondary electrons are the most commonly used 

signal for imagining in SEM. Secondary electrons are produced as a result of inelastic 

scattering, they are the electrons from the conduction or valance bands with energies 

below 50 eV and are picked up by the secondary electron detector. BSEs are the elastic 

scattering of electrons (through more than 90°) with energies greater than 50 eV.[7] 

BSEs interact with the nuclei of the atom of a sample; therefore larger atoms with a 

greater atomic number are more likely to produce BSEs due to their larger cross-

sectional area.[7]  
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Figure 38 Schematic showing the working set-up of SEM (above), schematic showing the interaction of the incident 

electron beam with the sample and the associated characteristic interactions used to create the SEM image 

(below).[8] 

 

SEM samples have been prepared via carbon coating to ~16nm to avoid the 

accumulation of charges on the surface of the sample which hinders the imaging of 

the structure of the surface by producing bright spots / noisy images. The SEM 

microscope used was Zeiss Ultra 55. All sample images were obtained using the 

secondary electron mode with a voltage ranging between 1 kV and 5 kV and a working 

distance of 8 mm. 
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Atomic Force Microscopy (AFM)  

Atomic force microscopy (AFM) is used to detect the physical properties of a 

sample such as height, friction, lateral size, by scanning a cantilever with a sharp edge 

over the surface of a sample and detecting the deflections of the cantilever from the 

reflections of the laser (figure 39). AFM usually will use a tip as the sharp edge which 

is made out of silicon or silicon nitride and has an approximate radius of 10s of nm. 

The resolution of the image is therefore limited by the radius of the tip. Tapping mode 

is commonly used in imagining in AFM it works by vertically oscillating the tip across 

the surface of the sample at a frequency between 50,000 to 500,000 cycles/sec. As the 

tip reaches the surface of the sample the oscillation amplitude is reduced due to a loss 

in energy caused by the tip contacting the surface.  

Advantages of AFM include easy sample preparation, works in air, vacuum and 

liquids, accurate height information is produced, 3D imaging. The main disadvantages 

of using AFM is the limited vertical range, slow scan speeds and the tip can easily 

damage and may even damage the sample.  

 

Figure 39 Schematic showing the working principles of AFM. 

AFM has been used in this work as a characterisation technique for all 2D materials. 

The AFM used was the Dimension FastScan by Bruker.  All samples were spin-coated 

onto a silicon substrate and tested under tapping mode. The height profiles and 

morphology of both graphene nanoplatelets and boron nitride flakes were analysed to 

gain a better understanding of the 2D materials used within the inks.  
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Fourier Transform Infrared Spectrometer (FT-IR) 

FT-IR is a quantitative analytical technique, which is used to acquire 

information on the composition of a material. It works by shinning a monochromatic 

beam through a sample in either liquid or solid form to a detector beneath the sample; 

the absorbance of the sample is recorded at a specific single frequency (figure 40). 

During exposure to infrared molecules in the sample will selectively absorb radiation 

at specific wavelengths. This causes the vibrational energy levels of the molecule to 

jump from the ground state to an excited one. The difference in vibrational energy will 

produce the frequency of the peak. This data is received by a detector called an 

interferometer, and is converted using Fourier transformation to produce a fingerprint 

spectrum of the sample, in transmittance (%) or absorbance over wavenumber (cm-1). 

 FT-IR was used on all samples to create a fingerprint of the characteristic 

bonds present. This could be used to see if the parts were fully cured of if further post-

processing of the printed parts was needed. All samples were measured using the 

Nicolet 5700 (Thermo electron corporation) FT-IR with OMNIC software. An average 

of 32 scans between 4000-500 cm-1 was completed in transmission mode.    

 

Figure 40 Schematic showing the principle workings of an FTIR spectrometer. 
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Ink Rheology 

Rheology is an important polymer processing tool for 3D printing inks, finding 

correlations between the processing of the polymer and the suitability to the 3D 

printer.  Rheology is the study of deformation and flow of a material used to 

characterise the mechanical properties through describing the flow in relation to 

strains, stresses and time.[9] There are three main methods to test the rheology of 

polymer resins including capillary, rotational and extensional rheometers (figure 41). 

In this work, a rotational rheometer was used to study the properties of the inks as this 

technique has widely been reported throughout current literature.[10][11][12] Testing 

with rotational rheometers involves placing a paste or fluid between either two parallel 

plates or one cone and one flat plate. The sample is then sheared between the plates.  

 

 

Figure 41 Schematic representing the main three types of rotational techniques: (a) concentric cylinder (b) torsion using 

cone geometry (c) torsion using parallel plates. 

The shear stress, shear rate, strain and viscosity of the sample have been described 

below in the following equations: 

𝑆ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠(𝜎) =  
𝐹

𝐴
=

𝑁

𝑚2
= 𝑃𝑎 

𝑆ℎ𝑒𝑎𝑟 𝑟𝑎𝑡𝑒(έ) =  
𝑣

ℎ
=

𝑚𝑠−1

𝑚
= 𝑠−1 

𝑆𝑡𝑟𝑎𝑖𝑛 =
∆𝑥

ℎ
=

𝑚

𝑚
= 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦(𝜂) =
𝜏

ϔ
=

𝑃𝑎

𝑠−1
= 𝑃𝑎𝑠 

Where v is the velocity, h is the distance, ∆𝑥 is the change in distance, F is the force 

and A is the area.  
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The rheological properties of the UV curable inks were characterised using a stress-

controlled rheometer Discovery HR3 by TA systems and analysed using TRIOS 

software (figure 42). A 60mm flat Peltier plate was used with a gap of 500 µm. For 

more viscous inks and pastes, smaller plates could be used to save on materials, 

however, due to the relatively low viscosity of some of the UV-inks a larger plate was 

used to allow for spreading of the fluid ink, excess material was removed to fit within 

the geometry of the plate. A flow sweep was used to measure the apparent viscosity 

of the inks in relation to the shear rate at 25°C to mimic the conditions of the SLA. 

These measurements were carried out using a strain rate of 0.02-200s-1. The main 

requirement for SLA resins is that the ink must be able to flow to deposit a fresh new 

layer of resin onto the previously cured layer. Therefore there is a large range of 

viscosity for the inks as long as it's below 3000mPas.[13] Oscillatory measurements 

of the inks were also taken at 1 Hz with variations of the oscillatory stress 

logarithmically from 0.1-1000Pa.  

 

 

 

 

 

Figure 42 Discovery DH-3 Rheometer by TA Systems. 
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UV-Visible Spectroscopy  

Ultraviolet-visible (UV-Vis) absorption is a characterisation technique that can 

be used to identify particle sizes of nanomaterials. UV-vis can also be used to identify 

the specific wavelength or range of wavelength that photocurable inks for the SLA 

will cure at. This can be a very useful tool in matching the correct photoinitiator for 

each resin (figure 43).  

UV-vis absorption spectroscopy measures the attenuation of a beam of light that 

passes through a sample, the absorption measurements can be taken over a specific 

wavelength or across the desired range. The main principles of UV-vis spectroscopy 

include the transition of electrons in a molecule from a lower energy level to a higher 

level.  

UV-vis has been used to analyse the compatibility of the ink with the SLA’s laser 

system. The SLA system used in this work uses a laser with a wavelength of 354.7nm. 

Therefore all formulations of inks had to be able to cure at this wavelength. The 

analysis of samples was performed on the PerkinElmer Lambda25 UV/VIS 

spectroscopy from 700-200 nm. All samples were diluted x100 and analysed using 

quartz glass cells (Hellma Analytics).  

 

 

Figure 43 Spectrum of electromagnetic radiation. 
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Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry is a thermal analysis characterisation 

technique which can be used to evaluate the different phases a polymer may go 

through during heating and cooling cycles. In particular, the glass transition 

temperature Tg, melting temperature Tm and crystallisation temperature Tc, can all be 

identified through analysing the resulting thermograph (figure 44).   

DSC measures the temperature and heat flows of a material in relation to their 

transitions as a function of time and temperature in a controlled atmosphere. It is a 

quantitative technique which collects information regarding the physical and chemical 

changes that involve exothermic or endothermic processes. DSC is based on the use 

of two separate chambers, one containing a reference and the other containing the 

sample to be analysed. The difference in the quantity of heat required to increase the 

temperature of both samples is recorded in terms of temperature. Dependent on the 

endothermic or exothermic nature of the material being analysed an increased or 

decreased amount of heat will be required to maintain the temperature increase 

constant. This data can then be used to produce a thermograph identifying the different 

phase changes the material is subjected to, similar to that seen in figure 44.  

In this work, DSC was used to analyse the Tg and thermal properties of the UV-inks, 

hybrid inks. The DSC used was the TA Q100 series; the heat cycle used was heat, 

cool, heat in the range of -150 °C to 200 °C with a heating/cooling rate of 5 °C/min. 

Figure 44 DSC thermogram showing the transitions of a typical thermoplastic in relation to 

temperature changes. 
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For calculating the specific heat capacity of the printed samples for thermal 

conductivity measurements, the samples were measured using a modulated heat ramp 

sample from 30 °C -200 °C with a heating rate of 5 °C/min.  

Thermal Gravimetric Analysis TGA 

TGA is a quantitative analysis by weight of a material[14], the technique is 

used to monitor the change in mass over a set temperature range and atmosphere. TGA 

measurements are mainly used to determine the composition of a material and to 

foresee how thermally stable a material will be up to temperatures of 1200 °C. Weight 

loss exhibited in TGA can be due to decomposition, breaking of chemical bonds or 

evaporation due to the loss of volatiles at high temperatures. Weight gain, however, is 

mainly due to oxidation therefore this can be eliminated by using inert atmospheres. 

In this work, TGA was mainly used for compositional analysis and thermal stability 

of the printed parts. 

All samples were weighed and measured in aluminium 100 µl pans and tested using 

TGA Q500 by TA systems. Samples were tested in a nitrogen atmosphere with a 

constant heating rate of 10 °C/ min. The temperature range at which the samples were 

tested was between 0-1000 °C.  

Density Measurements 

To calculate the density of each samples Archimedes’ principle was used by 

calculating the displaced volume of an object in a liquid of known density. To do this 

the mass of the sample dry and infiltrated with water were measured using a balance. 

All samples were placed under vacuum to help infiltrate the samples with water.  To 

determine the density of the samples the following equation was used:  

𝜌 =
𝑚𝑑 × (𝜌𝑤 − 0.001225)

0.99983 × (𝑚𝑑 − 𝑚𝑤)
+ 0.001225 

Where ρw represents the density of water and (𝑚𝑑 − 𝑚𝑤) provides the buoyancy G. 

The density of water is assumed to be 1000 g/cm3. The density of air under these tests 

conditions is 0.001225.  
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Thermal Analysis: Laser Flash  

To analyse the thermal diffusivity and conductivity of the printed samples the 

laser flash system LFA427 by Netzsch was used to study the thermal transport 

properties. Laser flash is a widely used technique to measure the thermal diffusivity 

of a material at a specified temperature.  A laser pulse is first shot in an upwards 

direction for the underside of the sample. The temperature change in the upper surface 

of the sample is then measured using an infrared detector. A graph of change in 

temperature against time is produced from the signal (figure 45). The half time (t1/2) 

can then be used along with the thermal diffusivity (a), the thickness of the sample (d) 

and thermal conductivity (λ) using the following formula:  

𝜆(𝑇) = 𝑎(𝑇) × 𝑐𝜌(𝑇) × 𝜌(𝑇)  

Figure 45 Schematic of working principle of the laser flash technique (above). 

Representation of a typical graph produced from laser flash technique (below). [15] 
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The specific heat capacity of each sample was measured using modulated DSC and 

density measurements were taken before using the laser flash. All samples were 

printed in disks 10mm in radius with approximately a 1 mm thickness, to compensate 

for over curing some samples were ground down to the desired thickness. Each sample 

was then coated in a thin layer of carbon before testing. An average of five 

measurements was taken at 30 °C, 60 °C 0 °C, 90 °C, 120 °C and 150 °C, using 400 

V laser. Each sample was measured and plotted using the Cowen principle.  The 

thermal conductivity of the printed parts was then calculated using the above formulae.  

Thermal Analysis: Thermal Imaging  

Thermal images were captured using a FLIR T440 thermal camera. The 

emissivity was set for each sample using a hot plate and thermocouple as a reference. 

Printed heat sink samples were placed on top of an rGO aerogel which was mounted 

between two steel plate electrodes connected to a power supply (figure 46). A set 

current was then passed through the aerogel creating a joule heating effect providing 

uniform distributed heat across the sample. The current output was adjusted to heat 

the aerogel to 30, 60, 90, 120°C and held for 10 minutes before imaging.  

 

 

 

Figure 46 Setup for thermal imaging of heat sinks on rGO aerogel. 

PEGDA heat sink 

rGO aerogel 

hBN heat sink 

30 mm 
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Mechanical Tests  

Tensile Tests 

Samples were tested in tension using an Instron 3344 machine. For samples 

tested in tension a 100 N load cell was used to apply a load to a sample secured 

between two clamps in tension at a constant rate of 0.5 mm/min (figure 47). An 

extensometer was used to measure the displacement of the sample as the load 

increased, data points were collected every 2 ms. To avoid slipping during testing 

emery paper was glued to the clips to allow for better contact to the smooth surface of 

the printed parts. All specimen sizes were prepared in accordance with ASTM D638 

type IV with a 25 mm gauge length.  The tensile properties tested included, ultimate 

tensile strength, yield strength, elongation and Poisson’s ratio.   

 

   

 

Equations:  

𝑈𝑙𝑟𝑖𝑚𝑎𝑡𝑒 𝑇𝑒𝑛𝑠𝑖𝑙𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ =
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐿𝑜𝑎𝑑

𝐶𝑟𝑜𝑠𝑠 − 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐴𝑟𝑒𝑎
 

𝑀𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝐸𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦 (𝐸) =
𝑆𝑡𝑟𝑒𝑠𝑠

𝑆𝑡𝑟𝑎𝑖𝑛
 

 

Figure 47 Photograph of typical set up for tensile tests. 
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Three-Point Bend Test 

To calculate the flexure strength of the printed parts, samples were testes using 

the 3-point bend method on the Instron 3344 machine. The samples were printed to 

size and tested according to D790 ASTM standard with a 16:1 ratio of thickness to 

gauge length. A 40 mm span was used with a 3 mm triangle radius. A 100 N load cell 

was used with a cross-head motion of 0.2 mm/s (figure 48).  

To calculate the flexure strength the following equation was used: 

𝜎 =
3𝐹𝐿

2𝑤𝑑2
 

Whereby σ is the flexure strength measured in MPa, F is the maximum force applied 

(N), l is the length of the sample (mm), w is the width of the sample and d is the depth 

of the sample (mm).  

 

Figure 48 Photograph of typical set up of 3-point bend test. 
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Electrical Conductivity  

Electrical resistivity test was conducted on printed cylindrical samples with a 

diameter of 10 mm and approximately 1 mm thick. Silver paint was applied directly 

onto the surface of the sample and copper tape applied to the painted area (figure 49). 

Crocodile clips were then placed on each of the copper tape tabs to complete the 

circuit. Samples were measured using the two-point probe method by sweeping the 

potential difference from  1 V - 50 V. The maximum current compliance was set to 1 

x10-5 A. When measuring DC resistance across the 3D printed parts, powerline 

induced AC noise was reduced by integrating the DC signal over one complete power 

line cycle (NPLC = 1). This method measures the voltage drop across the sample V, 

and the current through the sample I.  

The resistivity of the sample can then be calculated using the following equation: 

ρ =
RA

L
 

Where ρ is the resistivity, R is the resistance, A is the cross-sectional area and L is the 

length or distance the current has to pass through the sample. 

This method was chosen as it works well for materials with high electrical resistivity. 

The 4-point probe method is more applicable for conductive materials and films.   

Figure 49 (a) Schematic of 2-point probe electrical resistivity measurement set-up. (b) Photograph of 

measurement set up using 3D printed BN part. 

(a) 

(b) 
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4.1 Introduction 

The formulation of UV-curable inks containing 2D materials for SLA printing 

reported in the literature is relatively scarce; this is partially due to the compatibility 

of the platelets and their effects on the rheological properties, causing high viscosities 

outside of the printable range required for SLA printing. Also, when there are large 

differences in the refractive index between the UV polymer and the filler, this can 

result in large amounts of scattering of the laser resulting in under curing.[1] Literature 

reports show that previous emphasis has been made on achieving high loadings of 

ceramic materials in SLA resins.[2][3][4][5] Platelets and 2D materials differ 

significantly from traditional spherical ceramics particles, their high aspect ratios will 

have implications on their capabilities to increase their loading in the composite.  

As knowledge and interest of 2D materials continue to grow, the need to manufacture 

and use these materials to create functional products becomes paramount for 

applications in industry including biotechnology, electronics, thermal management 

systems and rapid-prototyping. Although 3D printing offers advanced, manufacturing 

solutions there is still a gap that needs to be bridged between the current technologies 

and the compatibility of printing advanced multi-functional materials. This is because 

most 3D printing technologies are designed to print simple polymeric resins or ceramic 

solutions, therefore the printing of 2D materials may not meet the requirements of the 

3D printer. 

This chapter aims to explore the properties of SLA inks containing 2D materials and 

how these properties affect the printability of the inks (Figure 50). Focus has been 

made on the interactions the nanoplatelets have on the UV-curable resins, including 

the rheological properties and scattering/absorption effects during curing. 
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Factors Effecting 
SLA Printing 
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Laser speed
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Post curing 
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duration 

Figure 50 Overview of factors relating to SLA printing. The highlighted region will be explored and 

discussed in this chapter. 
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4.2 UV Ink Selection 

The first step in producing UV-curable inks containing BN and GNP involves 

the synthesis of a UV-curable resin usually involving a monomer and photoinitiator. 

In this study, PEGDA was selected as the monomer due to the vast number of 

publications used as a UV-curable acrylate resin in SLA applications.[6][7][8][9]  The 

concentration and type of photoinitiator were selected from preliminary tests including 

the window panes test as described in detail in chapters 2 and 3.  The wavelength of 

the laser used in this research was 354.7 nm (not adjustable) therefore the 

photoinitiator selected needed to absorb photons within this range to produce radicals 

for curing. Three photoinitiators were originally selected to determine which would 

be most effective with the monomer PEGDA 575. The photoinitiators included 

Irgacure 819 commonly known as BAPO, Irgacure 2959 and Irgacure 184 which can 

be seen in table 5. 

Table 5 Properties of Photoinitiators. 

Photoinitiator Irgacure 819 (BAPO) Irgacure 2959 Irgacure 184 

Chemical 

name  

Bis (2, 4, 6-

trimethylbenzoyl)-

phenylphosphineoxide. 

1-[4-(2-

Hydroxyethoxy)-

phenyl]-2-hydroxy-2-

methyl-1-propane-1-one 

1-Hydroxy-

cyclohexyl-phenyl-

ketone 

Molecular 

weight Mn 

418.5 224.3 204.3 

Chemical 

structure  

 

  

Absorption 

wavelengths 

(nm) 

295, 370 276 230, 304 

Comments  Photosensitivity at 

longer wavelengths. 

Yellow powder 

White powder White powder 

 

The results from the window panes graphs in figure 51 show that BAPO is more 

reactive under UV light from the SLA’s laser compared to Irgacure 2959 and 184. The 

increased cure depth (Cd) of the BAPO resin suggests that more radicals were 

produced, resulting in panes with increased thickness (figure 51). This is due to BAPO 

having an absorption peak at 370 nm, which is closely matched to the wavelength of 

the laser at 354.7 nm. BAPO was selected for further studies due to its high reactivity 

resulting in panes with large thicknesses, this was found to be promising for high 
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concentrations of filler materials as the introduction of fillers will rapidly decrease the 

Cd value due to known scattering effects.[1]  

4.2.1 Free Radical Polymerisation Reaction: 

When BAPO is exposed to UV light during the SLA process, it absorbs the 

light and generates free radicals, which react with the PEGDA molecules opening the 

C-C bonds. The monomers will then continue to connect resulting in large molecules 

until the reaction is terminated. [10]. The reaction process for PEGDA and BAPO has 

been demonstrated in figure 52. When BAPO is dispersed in PEGDA and exposed to 

UV light, radicals are produced and attach onto the acrylate end groups of the PEGDA 

molecule, creating a cross-linked network of the cured polymer. Once the reference 

UV ink was formulated, the nanoplatelets BN and GNP were prepared to formulate 

composite inks with differing particle sizes and refractive indexes. 
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Figure 51 The effect of using different photoinitiators to cure PEGDA 575. Starting printing 

parameters: Ec: 12 mJ/ cm2, Dp: 3.7 mm 
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4.3 Characterisation of GNP and hBN Nanoplatelets  

The morphology and flake size distribution of both GNP and BN particles were 

measured using SEM and AFM. The SEM micrographs (figure 53) show flakes with 

irregular geometries which appear flat and wide, with visible stacking of multiple 

flakes upon one another.  The data collected from SEM provided a mean average 

lateral platelet size of 7.45 μm and 5.74 μm for BN and GNP respectively (table 6). 

The lateral size values from the SEM data has been calculated by measuring individual 

flakes. To understand the rheological and scattering effects of using different particle 

sizes in SLA inks, BN was exfoliated using bath sonication and filtered to produce 

smaller flakes with reduced thickness, and lateral size denotes as eBN. The SEM 

micrographs in figure 53 show a mean average lateral size of 4.28 µm for eBN. Particle 

sizing of nanoplatelets is important as it will affect the rheology of the inks and the 

scattering of the laser during printing affecting the overall printability of the inks. 

Although thin flakes with large lateral sizes would be beneficial for thermal and 

electrical properties due to good connections for electron pathways, large flakes can 

be detrimental to the printing process. This can result in inhomogeneous dispersions 

in the PEGDA resin, large amounts of scattering and poor adhesion between layers.  

 

 

Figure 52 Mechanism of free-radical polymerisation of PEGDA and BAPO, hv represents the 

photon from the UV light. [17] 

PEGDA 
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Table 6 Mean average data of size distributions of GNP, BN and eBN flakes from SEM. 

 

4.4 Compatibility of GNP and hBN with PEGDA  

To produce a composite ink for SLA, GNP and BN flakes need to be dispersed 

homogeneously with good stability within the UV resin to avoid sedimentation at the 

bottom of the vat during printing, particularly as curing occurs on the top surface. In 

large commercial SLA printers, there may be a mixing system designed into the printer 

to help with possible sedimentation, however, for small-scale, research-based printing 

this is not viable. The results from the sedimentation tests showed that the inks began 

to sediment at ~8 hours before noticeable sedimentation started to occur which can be 

seen in figure 54. After 36 hours, the BN and GNP flakes had formed clear sediment. 

Therefore, prints longer than 8 hours would require additional mixing or the addition 

of dispersants to retain a homogenous ink.  
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UV-Vis was used to analyse the absorption peak of the composite inks to understand 

the optimum wavelength at which free-radicals are generated for curing. The 

absorption peaks of the composite resins are shown to be at 366 nm for the UV-resin 

and BN-based resin whereas the peak for GNP-based ink has been shifted to 367 nm 

(figure 55). As the SLA uses an Nd: YVO4 laser with a wavelength of 354.7 nm all 

the inks are well within the range for producing radicals for curing during printing. 

The baseline of the inks at wavelengths greater than ~400 nm shows little to no 

absorbance, however, as the inks pass through the UV region there is absorbance 

relating to the absorbance of the photoinitiator. 
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Figure 55 Normalised UV-Vis spectrum of UV ink PEGDA, BN: PEGDA (1 wt. %) and GNP: PEGDA (1 wt. %), full 

UV-vis spectra (left) zoomed in image (right). 

Figure 54 Sedimentation results of BN (top) and GNP (bottom) in PEGDA at 0, 4, 8 and 36 hours 

4h 

0h 36h 8h 

0h 8h 36h 

4h 



102 
 

4.5 Rheology of Inks  

The basic rheological property for the printing of SLA inks is viscosity ƞ, 

which is defined by: 

 ƞ= 
𝜏

𝛾
 

(13) 

 

 

Where 𝛾 is the shear strain rate experienced at 𝜏 the shear stress, 𝜏.   

Viscosity 

The viscosity of 2D material-based composite inks is a key consideration for 

printing using SLA. The build plate platform is required to travel down into the liquid 

vat allowing the resin to pass over the top of the previously printed layer. Therefore, 

if the ink is too viscous it will be difficult to flow under the applied stress from the 

build platform. This can cause a build-up of excess resin in some areas or no coverage 

at all. It has been reported that for SLA the viscosity of the resin should be less than 

3-5 Pa.s at a shear rate of 15 1/s to mimic the printing conditions. [5][11]  

Figure 56 displays the effect that GNP and BN have on the viscosity of the PEGDA 

resin.  By measuring the flow of the inks over an increasing shear rate we can 

determine the viscosity at the operating shear rate of the SLA. For BN-based inks, all 

concentrations (up to 20 wt. %) fell into the printable region (below 3-5 Pa.s). For 

GNP-based inks, the maximum printable concentration is at 4 wt.% much less than 

that of BN. In comparison to literature, Chartier et al. achieved a printable viscosity 

with a solid loading of 53 vol.% or 80 wt.% using alumina particles.[5] This solid 

loading is much higher than that achieved with BN and GNP. The high aspect ratio 

and platelet geometries cause a drastic increase in viscosity compared to spherical 

particles due to inefficient packing systems. This has also been reported by Wierenga 

et al. where they saw an increase in the intrinsic viscosity when using platelets by up 

to 2.5 times that of the spherical particles. [12]  



103 
 

Figure 57 shows a direct comparison of the BN 20 and eBN 20 ink showing that an 

increase in aspect ratio does not have a large effect on the viscosity of the ink as they 

both display similar values at high and low shear rates. This could be because the 

decrease in particle size (BN 20, 7.45 µm and eBN 20, 4.28 µm) is not significant 

enough to cause a substantial change in viscosity. 
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Viscoelastic Properties of Inks  

When oscillation amplitude ramps are applied to the inks (figure 58), the loss 

modulus G’’ is always greater than the storage modulus G’ for concentrations of BN-

based inks up to 8 wt. % and for GNP-based inks up to 4 wt. % in the applied stress 

range 1-1000 Pa. Therefore the inks display a ‘liquid-like’ behaviour at all stress 

frequencies at low concentrations. However at 8 wt. % GNP, G’ is greater than G’’ at 

low-stress frequencies (>10 Pa) meaning the ink displays a ‘solid-like’ behaviour and 

eventually transitions to ‘liquid-like’ at high-stress frequencies.  This transition can 

also be seen in the BN-based inks at 20 wt.%. In SLA printing it is paramount that all 

inks display a liquid-like behaviour as flow is an important function of the inks for the 

recoating of a new layer of resin, as the build plate needs to pass down into the vat of 

resin. Therefore the printing properties of inks containing up to 4 wt. % GNP and 20 

wt.% BN will be further investigated as they meet the rheological requirements for 

SLA.  
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 Shear Thinning Parameter n  

We can analyse the rheological properties of a fluid when stress is applied to 

characterise the type of behaviour it will display. Fluids are usually categorised into 

three main categories Newtonian fluids where 𝑛 = 1, shear-thinning 0 < 𝑛 < 1 and 

shear-thickening or dilatant 𝑛 > 1. Newtonian fluids display a linear relationship 

between shear stress and shear rate, shear-thinning fluids will show a decrease in 

viscosity with increasing shear rate and shear thickening fluids will have an increase 

in viscosity with increasing shear rate. The Herschel-Bulkley model has been applied 

to the flow ramp rheological data (figure 59 and appendix 9.2) to calculate n the shear-

thinning coefficient, K the viscosity parameter and 𝜏𝛾 the yield stress.  

  

𝜏 = 𝜏𝛾 + 𝐾𝛶𝑛 

 

 

(14) 

 

 

With increasing concentrations of both GNP and BN particles, the ink displays shear 

thinning characteristics. However, at low concentrations the inks behave like a 

Newtonian fluid. When the inks display shear thinning behaviour they will flow under 

stress and recover back when the stress is removed at a specific shear rate or stress. 

The n parameters of the GNP and BN-based inks are within the range of 1 to 0.7, 

meaning that all inks are shear-thinning and will flow under stress. This is important 
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for SLA printing as the build plate needs to pass down through the resin easily for the 

recoating of a new layer of resin. 

Comparison of models to find yield stress,  𝝉𝒚 

The yield stress was calculated using the Herschel-Bulkley equation by 

plotting shear stress against shear rate (figure 60). The yield stress is the stress in which 

plastic deformation will occur; the ink will not recover elastically past this point. The 

yield stress of a fluid can be calculated using different methods including Herschel-

Bulkley model, Bingham model, tangential method and modulus cross-over the point 

where G’ intercepts G’’(dynamic yield stress)(tables 7 & 8). As the inks will flow 

readily, the yield stress can be calculated using flow ramps. At higher concentrations, 

oscillation amplitude ramps can be used to find the yield stress (figure 58) as the inks 

have a higher solid content allowing the ink to act as a solid and cross over at its yield 

point to flow like a liquid.  

When the volume percent of the platelets increases for both BN and GNP-based inks 

the yield stress increases meaning it requires more stress to deform the ink due to the 
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reinforcement of the platelets. At low concentrations, the static yield stress calculated 

for the inks is negative, for the Herschel-Bulkley and Bingham models, this 

information is meaningless for the yield stress. Therefore the data plotted does not fit 

the model at low concentrations.     

Table 7 Comparison of models to find 𝝉𝜸 for BN inks. 

 
BN 0.1 BN 1 BN 2 BN 4 BN 8 BN 20  eBN 20 

Herschel-Bulkley  

Yield stress  -0.0023 -0.0014 -0.0033 -0.0006 0.0048 4.9874 11.1625 

R2 1.0000 1.0000 1.0000 1.0000 0.9999 0.9914 0.6608 

Bingham 

Yield stress  -0.0034 0.0003 -0.0007 0.0131 0.0324 7.0082 10.6501 

R2 1.0000 0.9999 0.9999 0.9999 0.9999 0.9806 0.6303 

Tangent method 

Yield stress  0.6817 0.3404 0.5044 0.6430 0.5175 5.4482 1.1201 

Modulus cross–over 

Yield stress  N/A N/A N/A N/A N/A 7.6611 4.5646 

 

Table 8 Comparison of models to find 𝝉𝜸 for GNP inks. 

 

Calculating the yield stress for BN-based resins shows that all three models present 

similar values with a difference of 2.67 Pa between the highest and smallest value at 

20 wt.% (10.67 vol. %) (figure 61). The same cannot be said for GNP-based inks, 

which result in similar values up to 4 wt. % (2.13 vol. %) however, as the concentration 

of GNP increases to 8 wt. % the disparity between the tangent method and Bingham 

model is significant (134.88 Pa) (figure 61). The disparity between the models of the 

yield stress at high solid loadings of platelets is likely due to the difference in the 

method of find τγ. Although the R2 value is high for the Herschel-Buckley model and 

Bingham model for GNP-based inks, it is difficult to establish the goodness of fit for 

the tangent method and modulus cross-over. Therefore, it can be said that the 

 
GNP 0.1 GNP 1 GNP 2 GNP 4 GNP 8 

Herschel-Bulkley  

Yield stress  -0.0021 0.0199 0.0965 1.7359 102.8553 

R2 1.0000 0.9999 0.9999 0.9992 0.9874 

Bingham 

Yield stress  -0.0019 0.0448 0.1785 6.5215 139.346 

R2 1.0000 0.9999 0.9994 0.968 0.9509 

Tangent method 

Yield stress  0.4224 0.4732 0.4186 0.2852 4.4709 

Modulus cross –over 

Yield stress  N/A N/A 0.1269 N/A 37.0046 
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Herschel-Buckley and Bingham model is a more accurate fitting to the experimental 

data.  

4.6 Scattering Effects of Printing GNP and hBN-based 

Inks using the Window Panes Test  

Once the rheological properties of the inks were analysed the next step to 

determine the printability of the ink is through the analysis of the ‘Window Panes’ test. 

The test is used to find the resolution in the z-axis and the optimum printing parameters 

for manufacturing 3D structures. To calculate the optimum printing parameters for 

new SLA resins, two variables can be adjusted the depth of penetration Dp, and the 
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critical exposure energy Ec, which will control the resolution in the z-axis (or layer 

thickness). Both of these parameters are reliant on the composition and chemistry of 

the resins. Dp is the distance where the laser’s energy attenuates to 1/𝑒 of the surface 

energy and is determined by the intrinsic properties of the resin, including the 

refractive index of the UV polymer, the solid loading and geometry of the particles or 

flakes. As these factors can interfere with the incident laser acting as obstacles for the 

laser to travel through the resin. The photoinitiator and monomer resin determine the 

Ec, the critical exposure energy to initiate curing.[13] The chemistry of the resin will 

determine how many radicals are produced and the associated end groups available 

for free radical polymerisation under UV exposure. 

Previously; published research has focused on the addition of ceramic particles in an 

acrylate polymer, epoxy or a combination of both. This is because ceramic particles 

can be dispersed within these resins at high loadings up to ~80 wt. % with the help of 

surfactants or dispersants to reduce the viscosity of the resin.[13] The polymer 

component of the printed part is often burnt out leaving the ceramic portion to be 

sintered to produce a porous ceramic part. The refractive index of alumina and silica, 

which are traditionally used in these resins, are matched to that of their monomer 

counterparts. This reduces the scattering of the laser during printing resulting in good 

printability with high solid loadings. When the difference between the refractive index 

of the monomer and filler materials is large this will cause the Dp value to decrease 

reducing the likelihood of curing during printing. This is of particular concern for the 

resins containing GNP as the refractive index is 2.7 much higher than PEGDA 575 at 

1.47 (table 9). The following fillers for PEGDA 575 resin system were investigated:  

1. BN- a low refractive index filler for thermal management applications  

2. GNP- a high refractive index filler for thermal management and electrical 

applications. 

Table 9 General properties of UV inks and filler materials that effect scattering behaviours. 

Material  Density  

(g/cm3 ) 

Lateral platelet size 

<d> 

(µm) 

Refractive index 

n 

Δn 

(nfiller-npolymer) 

Δn/n0 

PEGDA 575 1.12 - 1.47 (n0) - 1.00 

BN 2.10 7.45 1.80 0.33 1.22 

eBN 2.10 4.28 1.80 0.33 1.22 

GNP 2.2 0 5.74 2.70 1.23 1.84 
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To calculate the optimum printing parameters for each ink the Ec and Dp were 

calculated using the working curve (15) to achieve the desired Cd or layer thickness 

by setting initial arbitrary values Dp=3.7 mm and Ec=12 mJ/cm2 (figure 62). The newly 

calculated Dp and Ec values from the Window Panes test provided Dp values outside 

of the printing range of the printer (> 20 mm). Therefore, to find the optimum printing 

parameters the Ec was adjusted using 20% increments until the desired Cd was 

achieved. However, the results from the working curve were used to explain the 

relationship between the Ec, E0, Dp, Cd and the 2D material fillers. From an initial 

analysis of the ‘windowpane’ graphs (figure 62), there is a clear relationship between 

the Cd and E0, and this depends on the volume fraction of the nanoplatelets. As the 

volume fraction of GNP and BN increases, the slope of Cd vs E0 decreases, providing 

an inversely proportional relationship. As the slope dictates the Dp, the increase in the 

volume fraction of nanoplatelets results in a smaller depth of penetration of the laser. 

The increase in E0, on the other hand, causes the Cd to increase proportionally. These 

relationships can help us to identify the scattering effects that occur during the printing 

process through the application of semi-empirical mathematical modelling (equation 

(16).  

Working curve equation:  

  

 

𝐶𝑑 = 𝐷𝑝 ln [
𝐸0

𝐸𝑐
] 

 

 

(15) 

 

 

 

 

Scattering equation:  

  

 

𝐶𝑑 =
2〈𝑑〉

3𝑄
 
1

𝜙
𝑙𝑛 (

𝐸0

𝐸𝑐
) 

 

 

(16) 

 

 

Where 〈𝑑〉is the average size of the nanoplatelets, E0 is the energy density, Ec is the 

critical exposure energy, Q is the extinction coefficient efficiency term, 𝜙 is the 

volume fraction of the filler and Cd is the cure depth of the printed window pane. 
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These equations have been applied to the experimental data to analyse the effect that 

ϕ, 〈𝑑〉  and 𝐸0 have on the scattering effects of printing using nanoplatelets, and which 

parameter has the most influence on the printability of the ink. For all calculations 

〈𝑑〉 is equated to the mean average lateral length of the flakes mentioned in section 

4.3. It is important to know that typically the cross-section for scattering uses the 

diameter of spherical particles.  

 

4.6.1 Concentration Dependence of 2D Material-based Inks 

The ‘window panes’ test can be useful to study the effects the concentration of 

the filler has on the thickness of each printed layer. Achieving high loadings of 

nanoplatelets in SLA resins gives functionality to the printed part, producing 

electrically and thermally conductive components. However, an increase in the 
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Figure 62 (a) Images of printed window pane labelled GNP and hBN. (b) Example of plotted window panes graph to 

find the Ec and Dp values for composite inks. (c) Cure depth as a function of concentration with increasing E0 for BN-

based inks and (d) GNP-based inks. Initial set parameters were Ec: 12 mJ/cm2 and Dp: 3.7 mm. 
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concentration of nanoplatelets will affect the amount of scattering during printing 

which can lead to under curing of the inks as the photons will be blocked by the fillers 

from reaching the absorbing UV polymer matrix.  

For both BN and GNP-based inks, the relationship between the inverse volume 

fraction and Cd is expected to show a linear relationship according to equation (16) 

(figures 63 & 64). Both GNP and BN show similar values for the Cd with a slight 

reduction in the GNP for Cd over the concentration range 0.1 -8 wt. % (197-26, 1/vol. 

%). From the original printing parameters (Ec=12 mJ/cm2, Dp =3.7 mm) 8 wt. % was 

the maximum loading of GNP, above this, the inks would not cure. The reduction in 

Cd for the GNP inks is related to the square of the refractive index between the filler 

and UV polymer ∆𝑛2 being greater than that of BN.   
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A linear fit has been employed in figures 63 & 64 according to the relationship shown 

in (16). The data in figures 63 & 64 does not show a clear linear relationship this is 

because the model is based on the interactions of the laser with spherical particles 

associated with their diameter. However, for BN and GNP flakes the average length 

of the flakes are used to replace the diameter used in the model. There are no current 

models that use platelets/flakes in the replacement of spherical particles, therefore, the 

non-ideal behaviour displayed is likely to be related to the degree of rotation of the 

flakes varying the area of interaction of the laser affecting the scattering behaviour. 

4.6.2 Dose Dependence (E0) of 2D Material-based Inks 

Dose dependence is the amount of energy provided by the laser (E0) which 

contributes to the thickness of the Cd. Figure 65 shows the dose-dependency of 

printing both BN and GNP inks with 4 wt. % solid loading. As expected from the 

Beer-Lamberts equation (15), the Cd increases with increasing exposure energy. The 

cure depth is also predicted to increase as the difference in the refractive index between 

PEGDA and the filler material is reduced. At 307 mJ/cm2 the Cd values for BN and 

GNP are 453 µm and 303 µm respectively, following the expected trend, as the 
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difference in the refractive index ∆𝑛 between the 2D material and the photopolymer 

is 0.33 (BN) and 1.23  (GNP) (table 9).  

 

4.6.3 Particle Size Dependence of 2D Material-based Inks 

The inks BN 20 and eBN 20 were measured to determine the effects that 

nanoplatelet size has on the curing process. The mean lateral size, <d> of BN 20 was 

7.45 (+/- 2.25) µm and eBN 20 was 4.28 (+/- 1.98) µm (table 9). As expected for plots 

of Cd vs Eo both inks show a linear fit, however, the exfoliated BN with a smaller <d> 

value produced window panes with a larger Cd (figure 66). This is contradictory 

to 𝐶𝑑 ∝ 𝑑. This has also been reported by Halloran et al. where the reduction in particle 

size of alumina suspensions from 0.61 to 0.46 µm increased the Cd.[1] This could be 

due to increased scattering effects of the larger lateral sized BN nanoplatelets causing 

fewer photons to reach the absorbing UV polymer for curing. This effect has been 

observed by Harvey et al. where they saw an increase in the scattering coefficient with 

increased lateral size of the BN nanoplatelets.[14] 
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4.5.4 Scattering and the Extinction Coefficient Efficiency Q 

The extinction coefficient Q is a scattering efficiency term that represents the ratio 

of energy scattered by the nanoplatelets to the total energy in the incident ray.[15]  To 

quantify the effects that nanoplatelets have on the scattering of the laser during printing 

is complex. This is because many models for calculating Q, the extinction coefficient 

efficiency term are based on several assumptions. These assumptions include the 

assumption that electromagnetic radiation interacts with a single spherical particle that 

is suspended in a medium that is not absorbing. For both BN and GNP-based inks, this 

is not the case, as nanoplatelets with irregular geometries and high aspect ratios are 

suspended in the absorbing medium PEGDA/BAPO. These assumptions suggest that 

the effects of scattering control the penetration depth Dp. During printing, the 

nanoplatelets will first cause scattering from the oncoming radiation reducing the 

intensity of the laser. The remaining radiation will then travel into the resin until a 

critical limit of exposure is reached for curing or gelation of the monomer known as 

Ec.  
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Q is a dimensionless term that can be affected by the size of the particle, concentration 

of filler and the ratio between the filler and the UV resins refractive index. There are 

many ways to describe the type of scattering that occurs, one of which is Rayleigh 

scattering, however for this to occur the size of the nanoplatelets should be less than 

or equal to the wavelength of the incident beam. Therefore, for the composites inks, 

calculating Q for Rayleigh scattering is not appropriate. For the Rayleigh-Gans region, 

(𝑄𝑟𝑎𝑦) scattering is associated with 𝑥 and the ratio between the refractive indices. 

  

𝑄𝑟𝑎𝑦 =
1

2
𝜌2 =

1

2
𝑥2∆𝑛2 

 

 

(17) 

 

Where ρ is related to the difference in refractive index between the 2D material and 

UV-curable resin.  

 

  

𝜌 = 𝑥∆𝑛 = 𝑥(𝑛𝑝 − 𝑛0) 

 

 

(18) 

 

 

Where, 𝑥 = 𝜋〈𝑑〉/𝜆 

For Q to be valid ρ < 1, therefore, the difference in refractive index needs to be small 

which will mean the value of Q will be less than 1.[1]   

Another way to describe the scattering effects term Q is through Mie scattering (𝑄𝑚𝑖𝑒), 

the size parameter 𝑥 is approximately that of the incident wavelength but is not limited 

by the size of the nanoplatelets or large differences in refractive index.   

 
𝑄𝑚𝑖𝑒 = 2 −

4 sin 𝜌

𝜌
+

4

𝜌2
(1 − cos 𝜌) 

 

 

(19) 

 

Griffith and Halloran[1] also suggested (𝑄𝑛) with the equation: 

  

𝑄𝑛 =
∆𝑛2

𝑛0
2  

 

 

(20) 

 

Here Q is described by the difference in the square of the refractive index between 

UV resin and particle.  

𝑄𝑔𝑒𝑜 is used to describe the type of scattering when the size parameter 𝑥 is greater 

than that of the incident wavelength, providing the equation: 
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𝑄𝑔𝑒𝑜 = 𝜋〈𝑑〉2 

 

 

(21) 

 

𝑄𝑚𝑖𝑒 , 𝑄𝑟𝑎𝑦,𝑄𝑔𝑒𝑜 and 𝑄𝑛 will be compared to the experimental values 𝑄𝑒𝑥𝑝 to 

determine the closest fit between theoretical and experimental results to explain the 

scattering behaviour. Qexp will be determined from experimentally measured values of 

BN and GNP-based inks using equation (22) and rearrangement of equation (16). 

  

𝑄𝑒𝑥𝑝 =
2〈𝑑〉

3∅𝐶𝑑
 
1

𝜙
𝑙𝑛 (

𝐸0

𝐸𝑐𝑟𝑖𝑡
) 

 

 

(22) 

 

Q Dependence on E0 

To determine the effect that E0 has on Q, the inks BN 2 wt. % and GNP 2 wt. 

% were analysed. The average lateral particle size of BN 2 and GNP 2 was used as 〈𝑑〉, 

∆𝑛 was 0.333 and 1.233 respectively, λ=354.7 nm shown in table 9. For both GNP 

and BN inks, the change in Qexp was very small for the range of E0 values analysed. 

This suggests that E0 does not affect the outcome of Q alone and is affected more by 

∆𝑛2 or〈𝑑〉. Qexp closely matched the values of Qmie for both inks, whilst Qray, Qgeo and 

Qn were orders of magnitude different from Qexp (tables 10 & 11).  

Table 10 Calculated Q values for BN 2 wt. %. 

Table 11 Calculated Q values for GNP 2 wt. %. 

GNP 2 wt. % 

𝑬𝟎 (mJ/cm2) 𝑪𝒅 

(µm) 

𝑸𝒆𝒙𝒑 𝑸𝒎𝒊𝒆 𝑸𝒓𝒂𝒚 𝑸𝒏 𝑸𝒈𝒆𝒐 

104.28 350.50 2.36 

2.01 3647.24 0.70 1516.67 

179.04 395.88 2.61 

307.40 456.38 2.72 

527.79 649.00 2.23 

906.17 787.88 2.10 

 

 

BN 2 wt.% 

𝑬𝟎 (mJ/cm2) 𝑪𝒅 
(µm) 

𝑸𝒆𝒙𝒑 𝑸𝒎𝒊𝒆 𝑸𝒓𝒂𝒚 𝑸𝒏 𝑸𝒈𝒆𝒐 

104.28 510.75 2.10 

2.01 421.44 0.05 12343.51 

179.04 543.63 2.47 

307.40 604.75 2.66 

527.79 648.88 2.90 

906.17 673.63 3.19 
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Q Dependence on ∆𝒏𝟐  

To understand the effect that n has on Q BN 8 and GNP 8 inks were analysed. 

The average lateral particle size of BN 8 and GNP 8 was used for 〈𝑑〉, ∆𝑛 was 0.333 

and 1.233 respectively, the cure depth was taken using E0= 906.173 mJ/cm2, λ= 354.7 

nm.  

Table 12 shows that as the difference in the refractive index increases the Cd decreases. 

The magnitude of the experimental term for Q best matches that of Qmie for both GNP 

and BN-based inks. Qn, which is directly related to the square of the difference in 

refractive index between the UV resin and nanoplatelets, is orders of magnitude lower 

than Qexp. This demonstrates that the size and volume fraction of nanoplatelets in the 

resin affects the Q term, which is not captured in the Qn model.  

Table 12 Calculated Q values for BN 8 and GNP 8 inks. 

 
𝒏𝟎 ∆𝒏 〈𝒅〉 (µm) ∅ 𝑪𝒅 𝑸𝒆𝒙𝒑 𝑸𝒎𝒊𝒆 𝑸𝒓𝒂𝒚 𝑸𝒏 𝑸𝒈𝒆𝒐 

BN 8 1.47 0.33 7.45 0.04 248.64 2.12 2.01 421.44 0.05 1516.67 

GNP 8 1.47 1.23 5.75 0.04 99.25 1.98 2.01 3647.24 0.70 12343.51 

 

Q as a Function of Particle Size 

The effect that the particle size has on Q has been analysed by taking 

measurements of the BN 20 and eBN 20 ink as the n value and E0  value remains 

consistent with only changes to the particle size. The average lateral particle size of 

BN 20 and eBN 20 was used as 〈𝑑〉, the difference in refractive index was 0.333 and 

cure depth was taken using E0 = 1353.87 mJ/cm2, λ= 354.7 nm. The results for Q from 

the experimental values best matched that of Mie scattering. The larger lateral size of 

the BN flakes produced a smaller value for Cd but a higher value for Q. Q in regards 

to the Rayleigh-Gans region and Qgeo is very large, up to five orders of magnitude 

different from the experimental value for Q, seen in table 13, therefore, they are not 

valid models for these inks.  

Table 13 Calculated Q values for BN 20 and eBN 20 inks. 

 

 
〈𝒅〉 (µm) ∅ 𝑪𝒅 𝑸𝒆𝒙𝒑 𝑸𝒎𝒊𝒆 𝑸𝒓𝒂𝒚 𝑸𝒏 𝑸𝒈𝒆𝒐 

BN 20 7.45 0.10 18.22 10.39 2.01 421.44 0.05 1516.67 

eBN 20 4.28 0.10 259.13 0.42 1.98 139.10 0.05 500.57 



120 
 

4.7 General Discussion  

The ‘printability’ of SLA resins is highly dependent on the rheological 

properties of the inks, particle size, the refractive index of both UV resin and filler 

materials and their associated absorption and scattering effects. It is difficult to 

distinguish which property of the inks is most crucial to achieving good printability 

and instead requires cohesion between them all. 

To ensure inks have good printability they should include the following properties:  

1. Ensure there is a good dispersion of flakes in UV resins.  

2. Low viscosities of < 5 Pa at shear rates of 15 s-1.  

3. Minimise the difference in refractive index between UV resin and filler 

material.  

4. Minimise scattering effects by controlling size, concentration and refractive 

index.  

The rheological behaviour of SLA inks must be able to flow at shear-rate of 15 s-1, this 

is to enable the deposition of a new layer of resin using the build plate and re-coating 

system. This has proven not to be an issue for inks containing BN as solid loadings of 

up to 20 wt. % fell below the 5 Pa limit. GNP-based inks, on the other hand, produced 

high viscosities that did not fall within the printable range at 8 wt. %. As the 

concentration of solid loading increased, the G’ of the inks was larger than G’’ at low 

shear stress, displaying ‘solid-like’ behaviour. As previously mentioned, the inks are 

required to flow at low shear rates and stress, therefore to maximise the solid-loading 

content (dependent on the function of the final application) a diluent could be added 

to decrease the viscosity and G’. Modelling of the yield stress showed that at low solid 

loadings for both GNP and BN-based inks, the yield stress was small and tended 

towards 0, and even provided some minus values for the Herschel-Bulkley model 

which are meaningless. From these results, at low solid loadings, BN and GNP-based 

inks cannot be considered to be Herschel-Bulkley fluids as they do not have a yield 

stress and therefore are not shear-thinning and behave more like Newtonian fluids 

which can be found when plotting the shear-thinning coefficient n. There are many 

methods for calculating the yield stress of a fluid, however, the results in tables 7 & 8 

and figure 61 shows that they are not all closely comparable. This is because, for some 

methods such as the modulus cross-over, the fluid must act as a solid at low shear rates 
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in order to cross over to display a liquid-like behaviour at high shear rates. For most 

the inks discussed in this chapter, a liquid-like behaviour was displayed at low shear 

rates, which is beneficial for the SLA printing process as the inks need to flow at low 

shear rates for the deposition of a new layer of resin.  

Understanding the scattering effects of 2D materials in SLA inks is crucial in 

improving printability. By matching, the refractive index of the UV resin to the filler 

material there should be a decrease in scattering effects, resulting in an appropriate Cd 

avoiding under/over curing. The refractive index difference between PEGDA/BAPO 

and GNP was greater than that of BN, allowing higher loadings of BN to be printable 

and limiting GNP to 8 wt. %. Looking further at matching other 2D materials such as 

MoS2, BP, GO and Mxenes etc. we can predict the likelihood of scattering and 

understand the maximum concentration and Cd that can be achieved.  

As an alternative to changing the filler material, we could also change the UV pre-

polymer PEGDA to reduce the ∆𝑛2. The reduction in the lateral size of the platelets 

should also see a reduction in scattering, allowing the photons to be absorbed by the 

medium. However, this poses a problem, as most layered 2D materials are irregular in 

geometry and not consistent in size for the large quantities needed for SLA printing. 

One method to tackle this issue is by sizing the flakes through centrifugation. This was 

achieved by Khan et al. where they used centrifugation to size order their flakes at 

3000, 1000 and 500 rpm by removing the supernatant between each run. The small 

flakes were collected from the supernatant and the larger flakes remained within the 

sediment. The incremental decrease in centrifugation speed resulted in larger flakes to 

be collected from the supernatant each time.[16]  

When comparing scattering models for both GNP and BN-based inks the factor that 

had the most significant influence on scattering was the lateral size of the flakes. When 

comparing the Cd of the BN 20 and eBN 20 window panes results there is a significant 

difference in Q, much more so than comparing the Cd of BN 8 and GNP 8 with a large 

difference in ∆n2. However, that being said the model that best described the type of 

scattering of the experimental values is Mie scattering. This is because the model takes 

into consideration large differences in n and the size of particles. Whereas Qn only 

takes into consideration the difference in n and Qgeo is related to only the size of the 
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platelets, and for Qray the size parameter needs to be less than 1 which was not the case 

for the BN and GNP platelets.  

The ‘window panes’ test is useful in calculating the exact printing parameters Ec and 

Dp value for the desired Cd at a given E0. However, in practice, the results produced a 

depth of penetration value outside of the limits of the printer (maximum 20 mm). This 

limitation leads to the pursuit of other techniques to find the optimum printable 

parameters, including increasing the Ec value of 20 % at a time to find a reasonable 

Cd. Which resulted in the findings that printing GNP-based inks required an extremely 

large amount of power for the E0 ~ 90 mJ/cm2 to achieve a reasonable thickness for a 

single oriented layer (Cd). Therefore, for printing with GNP-based inks with high solid 

loadings to be possible, a more powerful laser combined with the reduction in 

viscosity, possibly due to the addition of diluents, would be required.  

To summarise this chapter has reviewed the overall printability of the composite inks, 

including finding the maximum solid loading of both BN and GNP in the PEGDA 

resin and establishing the optimum printing parameters to print 3D structures.  

Subsequently, these findings can be applied to 3D print BN and GNP composites, to 

help characterise their mechanical, electrical and thermal properties, discussed in 

chapter 5. 
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5.1 Introduction  

In the previous chapter the ink formulation and printability of BN and GNP 

containing SLA inks were discussed on a ‘2D’ single printed layer basis. This chapter 

will now discuss the mechanical, thermal and electrical properties of three-

dimensional stereolithographic parts produced from these inks. Understanding the 

effects of resin formulation on print properties, and to be able to design inks that are 

printable with the hardware available. 

Through 3D printing, we can manufacture complex geometries producing minimal 

waste material over short processing times. However, the mechanical properties of 

these printed parts tend to display brittle and weak behaviour. The addition of fillers 

is commonly used to increase the strength properties and alter the function of the 

printed parts to be thermally or electrically conductive. At present, there have been 

few reports on the properties of printing 2D material-based resins[1][2][3] using SLA 

especially in regards to the ‘high’ concentrations (above 2 wt. %) reported in this 

research. This chapter demonstrates the scaling effects of trying to print multi-layered 

3D structures, focusing on the print quality which is determined by the resolution in 

the x, y and z-planes. This has been done through the analysis of support structures 

with consideration of adaptations of the SLA printer, including raster patterns and 

elevator speeds.  

This chapter aims to fill these gaps found in the literature by analysing the mechanical, 

thermal and electrical properties of the 3D printed, 2D material-based composites, 

comparing the results to current composites both printed and manufactured using 

alternative methods.    
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5.2 Adjusting the 3D Printability of Composites 

The Cd and Dp values discussed in chapter 4 have been calculated to print one layer 

thick films, therefore to translate this into 3D structures further controls and 

adjustments are required for good printability of 3D parts. These controls include 

adjustments to the support structures, print speeds and raster patterns.     

Unlike other methods of additive manufacturing such as FDM where layer by layer 

adhesions use mechanical deposition, SLA printed parts use chemical covalent bonds 

in the adhesion between layers. This, in theory, should result in a fully dense isotropic 

printed part. During printing the SLA parameters are set to allow for a partial cure of 

each layer, creating what is known as the ‘green state’ (figure 67). Therefore when the 

next layer of resin is deposited on top of the previous surface, which is in its green 

state, full polymerisation of the previous layer will occur. This process forms covalent 

bonds not only in the x, y- plane but also in the z-axis, leading to isotropy via a 

continuous polymer network, free of voids.[4] The quality of SLA printed parts is 

generally high when compared to other techniques, offering smooth finishes and high 

resolutions in x, y and z-direction ~10 µm in z-axis compared to 3DP 100-250 µm or 

80 µm SLS.[5] However, this is with a compromise to the speed of the prints requiring 

longer processing times as the resolution increases.[4] 

 

‘Green State’ 

Polymerisation reaction 

between layers  

Figure 67 Scematic of curing between individual layers during the SLA printing process.(adapted 

from Formlabs) [4] 
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5.2.1 Support Generation  

When using additive manufacturing to print 3D parts it is crucially important 

to incorporate a sturdy support system to avoid collapsing during printing. In 

stereolithography, supports are made from the same resin and designed to break away 

easily using thin structures. The supports are used to anchor the part to the build plate 

and support any overhangs (greater than 45°) or bridges in the design.[6] For all prints, 

support structure designs were generated using Lightyear software, the supports were 

in a point formation and could be edited manually to change the thickness of the 

strands and positions of each strand. When printing the composite inks, the software-

generated supports collapsed under the component causing bowing of parts and 

slippage between layers, leaving floating parts within the vat of resin. By increasing 

the thickness of the support strands and the addition of more supports, a visible 

reduction in the bowing effect was seen due to the alleviation of stresses at a single 

build point. The supports are represented below in figure 68 and a comparison of the 

original, software determined and final, improved support structure parameters are 

displayed in table 14. Notably, the thickness of the strands and intersects (table 14) 

were increased in order to support the printed parts sufficiently during printing.   

Table 14 Adjustments of parameters in structural supports of SLA printed parts 

Fine Point Supports Original (mm) New (mm) 

Strand thickness 0.40 1.00 

Strand spacing 3.05 3.05 

Top interface intersect 0.40 1.00 

Top interface exposed height 0.61 0.61 

Bottom interface intersect 0.61 0.61 

Bottom interface exposed 0.61 0.61 

Projection offset height 5.08 5.08 

Projection thickness 0.40 1.00 
Triangular offset width 5.08 5.08 

   

Figure 68 (a) Example of point supports for flexure-test samples BN 1, and (b) 

slippage between layers of GNP 1 tensile test specimen. 

(a) (b) 

Supports 

Printed 

part 



129 
 

5.2.2 Print Speeds & Raster Pattern  

The speed of printing is governed mainly by the Cd outcomes mentioned in chapter 

4 i.e. the smaller the Cd the longer the print time. However, the speed at which the 

elevator lowers the build plate into the resin can be adjusted. The built-in modes for 

the Viper Si2 printer were as follows:  

 Slow: 0.76 mm/s 

 Medium: 1.52 mm/s 

 Normal: 2.54 mm/s  

For all composite resins ‘normal’ mode was used since printing at slower speeds 

caused excess resin to build up, resulting in warped parts.  

To optimise the print resolution and to help reduce warpage of the printed parts, the 

raster pattern of the laser was also adjusted shown in table 15. Studies have shown 

that, by changing the raster pattern from a long raster pattern to a short one, the degree 

of warpage can be significantly reduced.[7] The number of layer hatches, up and down 

fills with the laser were adjusted to see which combination printed flat beam parts with 

minimal defects. The beam design was chosen as flat structures are known to be 

difficult to print due to their tendencies to contract in the centre causing warpage 

because of the different curing rates, which is why beams are often printed at a 90° 

angle to the build plate.[8]   

Table 15 Dimensional results from changing the raster pattern of the SLA laser. 

 

 

 

 

 

 

Parameters  Test 

 Original (1)  2 3 4 

Layer thickness  0.10 0.10 0.10 0.10 

Line width compensation 0.13 0.13 0.13 0.13 

Additional boarders 3.00 3.00 3.00 3.00 

Number of up hatches 0.00 2.00 0.00 0.00 

Number of down hatches  0.00 2.00 0.00 0.00 

Number of layer hatches  2.00 2.00 2.00 4.00 

Number of up fills 2.00 2.00 4.00 2.00 

Number of down fills  2.00 2.00 4.00 2.00 

Over cure: Prime layer boarder  0.28 0.28 0.28 0.28 
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The increase in the number of layer hatches caused large amounts of bowing in test 4, 

with a thickness of 5.62 mm at the centre of the bar. This is because increasing the 

number of hatches can cause over-curing as the laser passes over the printed area more 

times, which can lead to the part contracting inwards as seen in figure 69, test piece 

4.[9]  The increase in the number of up and down fills also caused a splitting effect 

between layers due to over curing between layers in test 3. The best outcome of the 

raster pattern variations was test piece 2 as visually this produced the most ‘beam-like 

structure’ therefore all further printing parameters would use this combination.  

5.2.3 Resolution  

The experimental resolution and accuracy of the printed parts were determined 

by measuring the width, height and depth of flexural specimens in comparison to the 

original CAD file, the results of which have been displayed in table 16. Optical 

microscopy was used to measure the average layer thickness of the printed parts, 

which was ~100 µm for all composite inks (figure 70).  

500 µm 

101.3 µm 
  

Figure 70 Optical microscope image of 3D printed layers of UV ink. 

1 2 3 4 

Figure 69 Photographs of the outcomes of changing the raster pattern of the SLA laser using 1 wt. % GNP ink. 
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Table 16 Measured resolution of 3D printed composites. 

 Width (x-y) (mm) Accuracy 

 (+/-mm) 

Depth (z) (mm) Accuracy  

(+/-mm) 

Ec  

(mJ/cm2) 

Dp 

(mm) 

CAD 6.00 - 3.00 - - - 

UV Ink 6.27 (+/- 0.08) 0.27 2.84 (+/- 0.04) 0.16 12 3.7 

BN 1 6.69 (+/- 0.17) 0.69 2.85 (+/- 0.10) 0.15 12 3.7 

BN 2 6.92 (+/- 0.02) 0.92 2.73 (+/- 0.08) 0.27 12 3.7 

BN 4 7.16 (+/- 0.10) 1.16 2.74 (+/- 0.08) 0.26 12 3.7 

BN 8 6.54 (+/- 0.22) 0.54 2.62 (+/- 0.08) 0.38 12 3.7 

BN 20 6.67 (+/- 0.15) 0.67 3.01 (+/- 0.10) 0.01 30 4.2 

GNP 1 6.61 (+/- 0.01) 0.61 2.23 (+/- 0.15) 0.77 12 3.7 

GNP 2 7.29 (+/- 0.25) 1.29 2.80 (+/- 0.33) 0.20 12 3.7 

 

The resolution in the x, y-plane is also known as width of cure Wc is controlled by the 

assumed Gaussian curve that the laser produces.  The width of cure can be theoretically 

calculated using the following equation:  

  

𝑊𝑐 = √2 × 𝑤0 × √𝑙𝑛 (
𝐸0

𝐸𝑐
) 

 

(23) 

 

Whereby Wc is the width of cure, 𝑤0 is the radius of the beam (0.25 mm using standard 

resolution at 1/e-2), E0 is the exposure energy (mJ/cm2) and Ec is the critical exposure 

energy (mJ/cm2).[10] However, this equation does not take into consideration the 

effect of fillers and is therefore only valid as a theoretical equation for the pure 

PEGDA/BAPO resin width of cure.  

Figure 71 shows a plot of the theoretical cure width of the UV curable PEGDA 

polymer using the Ec values 12 mJ/cm2 and 30 mJ/cm2 which matches the conditions 

used to print the samples in table 16. Here the theoretical value for the width of cure 

of the UV resin increases with increasing E0, and decreases with an increase in Ec, a 

decreased Wc value should correspond to a higher degree of accuracy in the x, y-plane. 

However, the measured Wc from the experimental data in table 16 does not agree with 

this relationship, as the Wc increases slightly with an increase in Ec (figure 71) when 

considering the values of the BN 8 and BN 20 composites. This is because the effects 

that fillers have on the Wc is not incorporated into (equation 23). From the 



132 
 

experimental data, the trends observed in the GNP composites show an increase in Wc 

with solid loading when using the same printing parameters. Similarly, the trends in 

the BN-based inks show an increase in Wc with solid loading up to 4 wt. %. Broadening 

behaviour of the width of cure has been reported by Gentry et al. where they observed 

a decrease in Wc as the difference in the refractive index (∆𝑛/𝑛0)of their ceramics 

increased.[11]  Here, the GNP-based composites display a decrease in Wc (6.61 mm) 

compared to the BN-based composite (6.69 mm) at 1 wt. % filler loading. 

In order to print high accuracy 3D parts (5.2.4), careful consideration must be taken 

into supporting the structure during printing. Insufficient supports can lead to bowing 

effects and slippage between layers during printing which is not only time-consuming 

but costly for the manufacturer. The raster pattern of the laser and speed of print must 

also be considered because this will determine the overall resolutions and surface 

finishes of the printed parts. By considering and adjusting these factors the work 

presented here has produced a z-resolution of ~100 µm (figure 70) and an x, y-

resolution which ranges from 0.61 to 1.29 mm for GNP and 0.54 mm to 1.16 mm for 

BN depending on the concentration of filler used (table 16). 
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Figure 71 Theoretical width of cure of UV ink when the Ec=12 mJ/cm2 (set parameters for all 

GNP-based inks and BN-based inks below 8 wt. %) and Ec=30 mJ/cm2 (set parameters for BN 

20 wt. % inks). 
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5.2.4 Examples of Printed Parts 
Below, figure 72 displays some examples of SLA printed GNP composites 

showing the printed samples for mechanical testing and heat sinks for potential 

thermal management applications for electronics. Figure 73 displays BN printed parts 

showing the capabilities of the SLA printer. 

 

 

  

Figure 72 3D printed GNP-based composites 1 wt. %. 
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Figure 73 3D printed BN-based composites 20 wt. %. 
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5.3 Properties of 2D-Material Printed Composites 

This section discusses the properties of the printed 3D parts including the 

chemical, mechanical, electrical and thermal properties. To understand the effects of 

printing with 2D material fillers with the aim to improve these properties when 

compared to typical SLA ceramic-based resins.  

5.3.1 Thermomechanical and Spectroscopic Analysis 

 Although a solid loading of 8 wt. % GNP was achieved in the ‘2D printing’ 

preliminary tests, during scale-up there was poor adhesion between the layers due to 

under-curing resulting in failed prints. Adjustments to the Ec and Dp values were made 

in an attempt to combat this, however, the limits of the printer were reached before 

successful prints were achieved. The maximum possible solid loading of GNP in 

printed composites was therefore limited to 4 wt. % for 3D structures. Although only 

inks up to 4 wt. % are printable, compositions up to 8 wt. % were tested by curing the 

composite directly in the DSC pan using a UV oven to extend the dataset.  

The glass transition temperature (Tg) of printed composites has been investigated to 

understand the effect of nanoplatelets on the thermal properties of the composites 

(figure 74). The Tg values for the reference polymer without the inclusion of fillers (-

38°C) falls within a similar range for low molecular weight PEGDA previously 

reported (-40 to -30 °C) [12]. The Tg of the composite increases 7.3% (-36 °C) and 

38.6% (-24 °C) with the addition of 8% BN and GNP, respectively. BN20 composites 

reach a Tg of -20 °C. The inclusion of nanoplatelets has shown to restrict the chain 

mobility of the polymeric matrixes in composites leading to the increase in Tg.[13][14]  
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The FTIR spectra of the cured UV ink (PEGDA/BAPO), a BN-based composite and 

a GNP-based composite are shown in figure 75. FTIR was used to determine if the BN 

and GNP-based inks were cured during printing by displaying the associated PEGDA 

peaks in both composites. The bands at 804.1 cm-1 and 1371.2 cm-1 are related to the 

B-N-B bending peak and the B-N bond respectively.[15] The peaks at 1410 cm-1  and 

1640 cm-1 are the vibrations of the –COOH bonds[16] and graphitic double bonds[17] 

in the GNP-based composite. The strong peak at 2863 cm-1 and 1091cm-1  is related 

to the CH2[18] and -C-O-C[19] bonds respectively, the arrows are assigned to the 

carbonyl stretching band of PEGDA.[20] Showing that the PEGDA polymer has been 

cured during printing even with the addition of the filler materials.  
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Figure 75 FTIR of UV polymer, BN-based composite and GNP-based composite. 
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Figure 74 (a) Tg results of printed composites with varying concentrations of GNP and BN. (b) Example of DSC results 

of BN 20 wt. % and 4 wt. % displaying 2rd heating curve. 
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TGA data were used to assess what proportion of the initial filler content in the inks 

remained in the composites after printing (figure 76).  The printed parts were heated 

to burn out the polymer and determine the weight percentage of solid particles that 

remained. The results showed that the solid content was lower than expected (table 

17) suggesting that some of the inks had deposited a sediment of nanoplatelets at the 

bottom of the resin vat during printing. At lower concentrations the composites show 

little sign of sedimentation as the weight retained after burning out is similar to the 

amount of filler added to the ink, BN 4 (as an example) retained 4 wt. % BN platelets. 

However at 20 wt. % BN, only 82 % of the original platelets can be accounted for, 

suggesting improvements in dispersing the platelets in the resin are needed (table 17). 

Table 17 Weight retention of composites from TGA data. 

Composite 

 (wt. %) 

Weight remained 

(wt. %) 

BN 2 3.1 

BN 4 4.0 

BN 8 5.9 

BN 20 16.4 

eBN 20 16.0 

BN 100 99.8 

GNP 1 1.2 

GNP 2 2.3 

GNP 100 92.1 

 

5.3.2 Mechanical Properties  

In general commercial SLA, resins tend to have high stiffness once cured but 

are brittle.[21][22] The additions of filler materials can improve functional properties 
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but can have a detrimental effect on the mechanical properties.[21] Therefore it is 

important to analyse the mechanical properties to determine the resins suitability for 

various applications. The mechanical properties of the printed composites were tested 

in both tensile and flexure to gain a deeper understanding of the effects of 

nanoplatelets in SLA resins. Due to difficulties printing with high loadings of GNPs, 

only flexure samples of 0.125, 0.25, 0.5, 1 and 2 wt. % and tensile specimens up to 1 

wt. % were able to be prepared. The data is presented in figure 77 & 78. 

The flexural modulus for the BN printed composites was between 38-64 MPa 

and the flexural strength was calculated at 1.4-3.0 MPa (figure 77). The increase in 

modulus with increasing BN loading was as expected from the rule of mixtures.[23] 

The largest value for flexural modulus occurred at 20 wt. % (63.8 MPa) which was a 

49 % increase from the UV polymer (42.8 MPa).  The flexural modulus for GNP-

based composites was 10-43 MPa and the flexural strength calculated to be 0.2-2.5 

MPa. The flexural modulus of the GNP-based composites decreased with increased 

loadings of GNP, this was not as expected and is likely to be due to weak interfacial 

bonding and poor adhesion between printed layers due to under-curing.[24][25] 

The flexural strength or the maximum amount of bending the composite material can 

withstand reaches a maximum at 4 wt. % (2.99 MPa) for BN-based composites, after 

this the flexural strength decreases (figure 77). Similarly to the flexural modulus, the 

flexural strength of the GNP-based composites decreased with increased solid loading. 

The reduction in flexural strength with increasing filler content for both the BN and 

GNP composites is possibly related to poor dispersions of flakes in the polymer matrix 

and weak interfacial bonding.[24] 
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Figure 77 Three-point bend results of (a) BN and (b) GNP printed composites via SLA. 
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Tensile testing of GNP-based composites was particularly problematic as the 

specimens would break under the pressure of the tensometer clamps.  For this reason, 

tensile specimens were prepared with a maximum concentration of 1 wt. % GNPs. To 

gain an understanding of the effects of GNP inside the polymer matrix 0.125 wt. %, 

0.25 wt. % and 0.5 wt. % samples were additionally prepared and tested.  

The tensile modulus of GNP-based composites was between 318-590 kPa and the 

tensile strength was calculated to be 445-946 kPa. The tensile modulus for BN 

composites was between 3-20 kPa and the tensile strength was calculated at 677-1663 

kPa (figure 78). 

The Young’s modulus increased with increasing concentration of BN as expected, this 

relationship has been previously reported by Weng et al. and Taormina et al. where 

their SLA printed nanocomposites all showed an increase in ultimate tensile strength 

(UTS) with filler concertation.[26][27] The BN nanoplatelets have caused the 

composite to become stiffer and more resistant to the load applied. However, 

interestingly, as the weight percent of GNP increased, a reduction in the modulus could 

be observed and this is likely to be due to the delamination of layers during printing 

and/or under curing.[24][25] 

At 20 wt. % loading of BN (1663.2 kPa) the UTS improved by 146% when compared 

to the UV polymer (677.1 kPa) (figure 78). However, there was a slight reduction in 

the UTS with increasing solid loading of GNP of 1% at 1 wt. % loading (668.6 kPa), 

this slight reduction is likely to be attributed to weak interfacial bonding between the 

polymer and platelets.[28]   

Overall the composites containing BN produced mechanical properties far superior to 

those that contained GNP (flexure strength: 2.8 MPa and 0.9 MPa respectively), 

meaning the interfacial bonding between the UV polymer and the BN platelets was 

better than that of GNP. This result also gives insight into the curing process during 

printing, as discussed in chapter 4 the GNP inks were difficult to cure at high loadings 

and often resulted in under-cured parts. When printing in 3D with multiple layers, the 

individual layers begin to delaminate from one another as they are not sufficiently 

bonded together.  The tensile strength of the composites is lower than the flexural 

strength as expected. This is because in a tensile test the maximum tensile stresses are 

experienced throughout the volume of the sample. Whereas the maximum tensile 
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strength in flexure tests are concentrated in small regions on the top surface above the 

neutral axis of the test specimen. If there are defects present in the sample it is more 

likely that a large defect will be found and cause catastrophic failure in tensile testing 

due to the effective volume being tested compared to three-point bend tests.    

Investigations of the fractured surface of the test pieces were conducted using SEM to 

find microstructural information of the composites to help understand the properties 

observed on the macro scale in the mechanical tests. 

By analysing the fracture surface of BN and GNP composites we can observe that the 

BN nanoplatelets have been dispersed within the polymer matrix, however, some 

visible agglomerates as marked by the arrows in figure 79, can be seen in the form of 

clusters of flakes in BN 2 wt. %. The BN-based composites showed a rough fracture 

surface with visible pull-out of flakes leaving platelet shaped voids. The arrangement 

of platelets showed no visible alignment, an example of the lack of control of filler 

orientation in the SLA printing process. As the solid loading of the composites 

increase the fracture surface shows a high density of nanoplatelets resulting in a rough 
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surface. At lower solid loadings the fracture surface has more smooth regions of the 

polymer.  

At 1 wt. % the fracture surface of the GNP composite appears to have clusters of flakes 

and large areas of the smooth polymer surface. These agglomerates are likely to be the 

reason why the mechanical properties decreased with an increasing filler content of 

GNP.[24][25] The fracture surfaces of both composites show little in the way of voids 

or cavities suggesting that the printed parts have been fully cured (figure 80). 

2 µm 
10 µm 

BN 20 wt. % BN 20 wt. % 

2 µm 10 µm 

BN 8 wt. % BN 8 wt. % 

10 µm 4 µm 

BN 2 wt. % BN 2 wt. % 

Figure 79 SEM micrographs of the flexural fracture surface of 3D printed composites with 2, 8 and 20 wt. % BN (top, 

middle and bottom images, respectively). Arrows indicate agglomerates for BN 2, pull-out for BN 8 and flakes for BN 20. 
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5.3.3 Electrical Properties  

 The electrical properties of the printed parts were measured using the 2-point 

probe method as previously mentioned in chapter 3. As expected from the physical 

and chemical properties of BN discussed in chapter 2, the BN composites, showed 

high electrical resistance when a voltage was passed through the sample (5.73-1.88 

x10-11 S/m) (figure 81). The GNP-based printed resins showed a steep increase in 

electrical conductivity as the GNP concentration increased shown in figure 81 (a). If 

we consider 10-4 S/m to be conductive, at low concentrations (1 wt. %- 8 wt. %)the 

GNP loading is still not enough to be considered electrically conductive (2.81 x10-10 

S/m).[29] The maximum printable solid-loading of GNP for the 2-point probe 

specimens was 4 wt. %, from literature this is lower than the average percolation 

thresholds reported for GNP-polymer composites. Chen et al. achieved a conductivity 

of ~1 S/cm with 10 wt.% GNP in Poly(methyl methacrylate),[30] whilst Park et al. 

and Viculis et al. reached conductivities of 5 x10-3 S/cm with 10 wt. % GNP in 

Poly(propylene)[31] and 0.06 S/cm with 14.8 wt.% GNP in Poly(vinyl chloride),[32] 

respectively. Although Chandrasekaren et al. managed to achieve electrical 

conductivities of 1.8 x10-3 with as little as 1 wt. % GNP in epoxy,[33]  it is clear that 

the solid loading of GNP typically needs to be much higher (~10 wt. %) to achieve a 

2 µm 

2 µm 4 µm 

4 µm 

GNP 1 wt. % GNP 1 wt. % 

GNP 0.25 wt. % GNP 0.25 wt. % 

Figure 80 SEM micrographs of the flexural fracture surface of 3D printed composites with 1, 0.25 wt. % GNP (top and 

bottom images, respectively). Arrows indicate agglomerates for GNP 0.25, flakes for GNP 1. 
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reasonable conductivity. However, the printing with the SLA inks at 10 wt. % or 

higher is currently not possible without serious revisions to the ink formulation and 

SLA printer. Whilst the low filler concentration of GNP may not be electrically 

conductive, this may be advantageous for thermal applications when considering 

recent reports on GNP composites with high thermal conductivities at low filler 

loadings.[34][33][35]  

5.3.4 Thermal Conductivities of Printed Composites   

In general, polymers are usually poor thermal conductors but have excellent 

and diverse printing properties.[36][37] The intrinsically high thermal properties of 
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GNP and BN nanoplatelets discussed in chapter 2 make for ideal filler materials for 

achieving thermally conductive printed parts. The thermal conductivity of the 

composites was measured at 30 °C intervals from 30 °C to 150 °C using the laser flash 

method, the results of which are displayed in figures 82 & 83. From the SEM images 

displayed in figure 82, it can be observed that the platelets are not aligned in any one 

direction. The thermal conductivity, therefore, cannot be measured in regards to in-

plane or out-of-plane relative to the platelets. 

The thermal conductivity of both GNP and BN–based composites increased 

significantly with solid loading (figures 82 & 83). The thermal conductivity of the 

base UV polymer was 0.21 W. m-1. K-1 measured at 90 °C. At 4 wt. % filler loadings, 

the GNP composite (0.55 W. m-1. K-1) displays an increase in thermal conductivity of 

nearly 22 % compared to the BN composite (0.45 W. m-1. K-1). This is expected as 

GNP has a theoretical thermal conductivity of 3000 W.m-1.K-1 according to the 

manufacturers (XG Sciences). BN, on the other hand, has a theoretical thermal 

conductivity of 400 W.m-1.K-1.[38]  

Figure 83 describes the effect of filler size on the thermal conductivity of the BN 

composites. BN 20 composites present higher thermal conductivity as compared to 

eBN 20. At 0.78 W. m-1. K-1 (120 °C) BN 20 is 14% more thermally conductive. The 

increase in thermal conductivity occurs as, for the same filler concentration, the eBN 
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are slightly smaller and thinner, leading to a higher surface area in contact with the 

polymer than the BN20,  resulting in an increased interfacial thermal resistance.[39]   

Figure 84 describes the thermal enhancement factor of the composites - the percentage 

increase in thermal conductivity of the composites relative to the UV polymer only, 

measured at 90 °C. The thermal conductivity of the BN-composite at 20 wt. % is nearly 

three and a half times greater than that of the UV polymer. Even as little as 4 wt. % 

GNP content will result in an increase of nearly three times that of the polymer without 

any filler.  

The ability to predict the thermal conductivity of a composite as a function of its filler 

content can be useful when designing components for specific functions such as parts 

0 20 40 60 80 100 120 140 160

0.0

0.2

0.4

0.6

0.8

1.0

 UV Ink

 GNP 1

 GNP 2

 GNP 4

T
h
e
rm

a
l 
C

o
n
d
u
c
ti
v
it
y
 (

W
.m

-1
.K

-1
)

Temperature (°C)

0 20 40 60 80 100 120 140 160

0.0

0.2

0.4

0.6

0.8

1.0

 BN 20

 eBN 20

T
h
e
rm

a
l 
C

o
n
d
u
c
ti
v
it
y
 (

W
.m

-1
.K

-1
)

Temperature (°C)
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used in thermal management applications. Theoretical and semi-empirical models 

such as the Maxwell-Eucken model and Agari’s equation have been used to gain a 

deeper understanding of this effect related to the BN composites only. This is because 

so far BN-based composites have displayed good printability, mechanical and thermal 

properties with the potential to be used in thermal management applications. 

Table 18 Thermal conductivity components of composites measured at 90 °C, were ρ (g/cm3) is the density of 

the composite, Cp (T) (J/g °C) is the specific heat capacity, a (T) is the thermal diffusivity (mm/cm2) and λ (T) 

is the thermal conductivity (W.m-1.K-1) (see appendix for full range of values). 

Composite ρ Cp (T) a (T) λ (T) 

UV Polymer 1.39 2.23 0.08 0.21 

BN 1 1.11 2.24 0.12 0.29 

BN 2 1.45 2.80 0.11 0.45 

BN 4 1.13 2.93 0.12 0.41 

BN 8 1.10 2.39 0.22 0.57 

BN 20 1.23 2.34 0.24 0.69 

eBN 20 1.21 2.13 0.23 0.60 

GNP 1  1.05 2.25 0.15 0.36 

GNP 2 1.11 2.32 0.17 0.43 

GNP 4 1.07 3.27 0.16 0.55 

 

The results from the thermal conductivities of the composites at 90°C (table 18 & 

figure 85) have been evaluated using the Maxwell-Eucken model (equation 24)[40] 

and Agari’s equation (equation 25)[41], both models are widely used for 

approximating the thermal conductivity of particulate composites.[42][41][43]:  
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𝜆 =

𝜆𝑝[2𝜆𝑝 + 𝜆𝑓 + 2𝑉𝑓(𝜆𝑓 − 𝜆𝑝)]

2𝜆𝑝 + 𝜆𝑓 − 𝑉𝑓(𝜆𝑓 − 𝜆𝑝)
 (24) 

Where 𝜆𝑝 is the thermal conductivity of the polymer matrix, 𝜆𝑓 is the thermal 

conductivity of the filler (in this case the theoretical conductivity of 400 W/m K was 

used), 𝜆 is the thermal conductivity of the composite and 𝑉𝑓 is the volume fraction of 

filler. In regards to Agari’s equation, the value of C2 is the ability of the composites to 

form conductivity networks. In general, the C2 value should be between 0~1 however 

the higher the value of C2 the more easily the composite forms conductive pathways. 

The C1 value is related to the inherent structure of the polymer including the 

crystallinity and crystal size.[44] 

In this work, the thermal conductivities were estimated using Agari’s equation (eq. 

(25). The thermal conductivity of the BN filler was considered to be 400 W/m K[38], 

and the experimental value for the UV polymer PEGDA was used ( 0.21 W/m K) due 

to difficulties obtaining reported theoretical values of the polymer matrix. 

C1 has been calculated (see appendix 9.4) to be 1.68, and C2 to be 1.44 using the data 

displayed in figure 85. The calculated C2 value is greater than 1 meaning that BN forms 

thermally conductive networks easily within the composite, meaning that BN is an 

effective filler material for improving the thermal conductivity of 3D printable inks in 

SLA. The value of C1 is also greater than 1 therefore the addition of BN fillers has 

some effect on the secondary structure of PEGDA, changing its thermal 

conductivity.[46] Reports by Agari et al. describe the C1 value to be always ~1 for 

polymer composites, however, the increase in C1 value in this data could be related to 

the geometry or type of filler being tested. As Agari et al. tested fillers of Al2O3, SiO2, 

copper and graphite in polyethylene (PE).[42]  

  

𝑙𝑜𝑔 𝜆𝑐 = 𝑉𝑓 . 𝐶2. 𝑙𝑜𝑔 𝜆𝑓 + (1 − 𝑉𝑓) . 𝑙𝑜𝑔(𝐶1𝜆𝑝) 

 

(25) 
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The experimental values for the thermal conductivity of the composite are higher than 

the Maxwell-Eucken model (figure 86), this is because the model assumes the shape 

of the filler is sphere instead of platelets.[40] The model also presumes that the flakes 

do not interact with one another and are randomly distributed within a homogenous 

matrix.[45] Agari’s equation is a semi-empirical model that considers the interaction 

of the platelets with the polymer through the adjustable constants C1 and C2 that can 

be used for fitting thermal conductivity data. The fitting of the Agari’s equation in 

figure 86 is closer to the experimental values than Maxwell-Eucken’s model, showing 

that incorporation of the constants C1 and C2 provides a better model for fitting the 

thermal conductivities of 2D material-based polymer composites as presented in this 

work. The R2 value of the Agari fitting is 0.76 showing a reasonable fitting to the 

experimental data, the value at 1 wt. % BN, however, looks like an outlier therefore 

the reliability of this fitting could be improved by taking more thermal conductivity 

measurements between 1 wt. % and 2 wt. % or by discarding the 1 wt. % value. 

5.4 General Discussion  

3D printing multi-functional composites are challenging due to the high 

loadings needed for efficient thermal and electrical properties which are required for 

applications in electronics and thermal management of electronics.[47][48] The 
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increase in solid loading will affect not only the rheological properties of the inks and 

produce large amounts of scattering of the incident light leading to under-curing but 

will affect the resolution of the printed parts.[49][50] The tendency of the platelets to 

aggregate will decrease the interfacial bonding between layers resulting in 

delamination, impeding the overall mechanical properties.[51] Nevertheless, this work 

has reported a 3D printable UV curable ink with improved thermal and mechanical 

properties using up to 20 wt. % BN and 4 wt. % GNP as filler materials. The 3D 

printed GNP-based composites show promise for thermally conductive applications, 

however, they are yet to be optimised for laser-based printing methods which would 

improve print quality and their associated mechanical properties.  

Adjusting the 3D Printability of Composites 

Despite the optimisation of the printing parameters, there are still several 

factors that can affect the success of a print using SLA. One example is the atmosphere 

of which parts are printed in, for example, oxygen inhibition is an issue in SLA 

acrylate-based inks and can lead to under-curing during the free-radical 

polymerisation process. Another example is the spot size of the laser which will affect 

the resolution in the x, y-plane as it determines the smallest feature in the horizontal 

axis, however, this could not be changed for the work present here. Whilst the filler 

material and initial UV resin will affect the resolution in the z-plane.[52]  

Mechanical Properties  

The nanoplatelets should act as a harder and stiffer phase to the polymer matrix 

allowing the matrix to transfer some of the stress to the platelets which bear a 

percentage of the load. However, the improved mechanical properties are governed by 

the interfacial bonding between the polymer matrix and the nanoplatelets. With 

increasing concentration of GNP the tensile strength and flexure strength decreases, 

therefore the GNPs are acting as defects to the composite rather than reinforcing 

additives. This is likely to be due to under-curing during the printing and post-

processing stages. Poor interfacial bonding between the platelets and polymer matrix 

or large agglomerates of GNP can also cause premature failure as they act as stress 

raisers.[24] For effective reinforcement of filler materials, the platelets should be small 

and evenly distributed throughout the polymer matrix, however, nanoplatelets tend to 
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agglomerate due to their high aspect ratios and surface energies, which has been 

observed in the GNP-based composites.[53] 

Thermal Properties 

The thermal properties of BN-based composites have been reported to form 

effective thermal pathways at concentrations of 20 wt. %[54] which is the maximum 

printability of the inks in this work. Zhang et al. achieved a thermal enhancement 

factor of 765 % and a thermal conductivity of 1.66 W.m-1.K-1 using agglomerated BN 

platelets of 40 wt. %.[54] We report a thermal enhancement of ~233 % using BN 

platelets with a thermal conductivity of 0.7 W.m-1.K- at 90°C and loadings of 20 wt.%. 

The improvement in thermal conductivity of the printed parts has been compared to 

those reported in the literature in figure 87 for BN-based composites and figure 88 for 

GNP-based composites. The results show that, even at relatively low loadings of BN, 

high thermal conductivity has been achieved. The low concentration of GNPs still 

offers good thermal conductivity in the PEGDA polymer matrix. For both BN and 

GNP there are very few reports on the thermal conductivity of composites that have 

been 3D printed using SLA and therefore our results cannot be compared effectively 

with the literature.   

Figure 87 Comparison of thermal conductivities of BN-based polymer composites including ABS (35 wt. %)[55], Poly 

(imide) (30 wt. %)[56], ElaxTM 260 (20 wt. %)[57] , Epoxy TMBPDGE-DDM (50 wt.%)[58], TPU (50 wt.%)[59] , PEGDA 

(20 wt. %)( this work), CNF (cellulose Nano-fibre functionalised BN (30 wt. %))[60], PDMS (15 wt. %)[61], Polyimide (10 

wt. %)[62], PVA (20 wt. %)[63], Epoxy (20 wt. %)[64]. 
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Figure 88 Comparison of thermal conductivities of GNP-based polymer composites including PEGDA (4 wt. %) (This 

work), PDMS: graphene foam (0.7 wt. %)[65], Silicon Rubber (16 wt. %)[66], PLA (6 wt. %)[67], PC (20 wt.%)[35], PE 

(10 wt. %)[68], Cyclic butylene terephthalate (CBT) (20 wt. %)[69], Epoxy (5 wt. %)[70], PA12 (2 wt. %)[71], Epoxy (1 

wt. %)[72]. 

Effect of Filler Loading  

It is clear that with both BN and GNP platelets the thermal conductivity 

increases with increasing solid loading of fillers (figure 82 & 83). This is because 

thermally conductive pathways are needed for phonons to travel via filler to filler 

contacts which is greatly increased as the concentration of fillers are increased.[73] 

However, the trade-off for increasing filler content is reduced printability (discussed 

in chapter 4) and brittle composites that are costly to make.    

Effect of Filler Size  

The results from the BN 20 and eBN 20 composites showed an increase in 

thermal conductivity of 14 % with the increased lateral size of the flakes in the BN 20 

composite. The size of the platelets is known to affect the thermal conductivity of the 

composite, small particles will result in a reduction of thermal conductivity due to the 

interfacial area being greater, causing obstructions and scattering effects of 

phonons.[74] This has commonly been reported in the literature. Wu et al. reported an 

increase in thermal conductivity of their GNP-polyetherimide composites[75] with 

increasing lateral size as well as Li et al. who saw an increase in thermal conductivity 

of their polyimide films using micro-sized over nano-sized BN.[56]  
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Effect of Filler Orientation 

The thermal conductivity of the composite can be heavily influenced by the 

orientation of the platelet. When the platelets are oriented to the in-plane direction of 

the flow of heat they can produce high thermal conductivities as shown in figure 87. 

Quill et al. reported a 64 % increase in thermal conductivity when printing 35 wt. % 

BN-ABS in-plane using FDM.[55] Similarly, Liu et al. reported an increase in thermal 

conductivity of ~280 % for their TPU- BN hot-pressed composites when their platelets 

where aligned in-plane.[76]  No doubt the ability to orientate platelets during printing 

could greatly enhance the thermal properties of the composite, however currently there 

is little control of flake orientation in SLA printing, which has been shown in the 

characterisation of the fracture surfaces of the composites, therefore this could be 

considered for future developments in SLA printing. 

To summarise the mechanical, electrical and thermal properties of the printed 

composites are not defined by one single characteristic of the filler or polymer matrix 

rather it is a combination of many factors including shape of the filler, size, solid 

loading, surface chemistry and intrinsic thermal conductivity of filler.[73] If the GNP 

or BN platelets were functionalised to the PEGDA matrix an improvement should be 

seen in the overall mechanical, electrical and thermal properties. As shown in this 

chapter, high solid loadings of both BN and GNP could also prove to improve thermal 

conductivity for applications in thermal management. However, the printability of 

these compositions for SLA rapidly decreases at concentrations above 2 wt. % GNP 

and 20 wt. % BN as previously mentioned in chapter 4. Furthermore, the increase in 

filler loading will lead to brittle composites as described in section 5.3.1. The results 

of the BN 20 wt. % composite has shown to have good printability with enhanced 

mechanical and thermal properties, the electrically insulating behaviour of the BN 

indicates this composite has the potential for thermal management applications in 

electronics which will be explored in chapter 6. 
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6.1 Introduction  

Thermal management in electronic systems is crucially important as the trend 

for more powerful electronics in ever-smaller packaging requires efficient heat 

transfer to stop overheating and short-circuiting of the electronics.[1][2][3] Heat sinks 

are a common technique for heat transfer where thermally conductive components, 

usually made from aluminium or copper, are added to circuits to transfer the heat away 

from the circuit to the surrounding area. Potting materials are also commonly used for 

heat transfer. Here, a circuit board is encapsulated by a thermally conductive material 

(usually a polymer) and works by displacing the air around the working electronics 

and reducing moisture and mechanical shocks.  

Dispersing thermally conductive fillers within a polymer matrix enables the 

manufacture of lightweight and cost-effective thermal management components. The 

ability to 3D print these composites offers an exciting opportunity for manufacturing 

complex structures with highly efficient heat transfer systems that are not possible 

with traditional methods. Graphene and BN have high thermal conductivities with low 

densities, making them ideal filler materials for polymers. However, GNPs are 

electrically conductive (107 S/m)[4] by nature which is detrimental for thermal 

applications in electronics as this can lead to short-circuiting of the device. The 

addition of a secondary electrically insulating filler can provide a solution to the 

aforementioned problem. BN and GNP complement each other electronically and 

thermally and have previously been used together to produce hybrid composites for 

thermal management applications in electronics.[5][6]    

This chapter aims to develop printable GNP and BN hybrid SLA inks to improve 

thermal conductivities for applications in thermal management systems. However in 

contrast to what has previously been reported in the literature (chapter 2) regarding 

hybrids where GNP is the primary filler and BN is used as secondary filler, here BN 

has been selected as the primary filler. This is because of the BN 20 wt. % ink 

mentioned in chapters 4 and 5 produced the best mechanical and thermal properties 

while attaining a good printability.    
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6.2 Printing of Hybrids  

6.2.1 Hybrid Selection 

In total, seven hybrids were synthesised using a combination of exfoliated 

GNP (eGNP) and BN (eBN) platelets and bulk BN (BN) (table 19). Exfoliated GNP 

and BN was used as the secondary filler as this method of using smaller nanoplatelets 

mixed with larger nanoplatelets has been reported to work effectively.[5][7] As 

discussed in chapter 5, the maximum printable solid loading of 2D material fillers was 

20 wt. % (BN 20).At this solid loading, the printed composite also displayed the 

highest thermal conductivity, therefore to optimise the printed composites for thermal 

management applications hybrids with a maximum filler loading of 20 wt. % were 

explored. However, the maximum 3D printable loading of GNP was 4 wt. %, which 

will affect the overall maximum loading achieved for the BN-GNP hybrids. Therefore 

hybrids that contained high loadings of eGNP the maximum solid loading was reduced 

to compensate for the printability of the ink.  

Table 19 Varying ratios of hybrids containing bulk BN, eBN and eGNP. 

 BN (wt. %)  

(7.45 µm) 

eGNP (wt. %) 

(4.31 µm) 

eBN (wt. %)  

(4.28 µm) 

Hybrid 1 19.0 - 1.0 

Hybrid 2 19.0 1.0 - 

Hybrid 3 16.0 - 4.0 

Hybrid 4 16.0 4.0 - 

Hybrid 5 2.0 2.0 - 

Hybrid 6 9.0 1.0 - 

Hybrid 7 19.8 0.2 - 

 

Each of the hybrids was first printed using the ‘Window Panes’ test, to assess the 

printability of the hybrids. The results of which indicated that Hybrid 1 and Hybrid 7 

(figure 89) had the best printability (appendix 9.3). Hybrids 2, 4, 5 and 6 exhibited 

poor printability and fell apart during handling. Whilst hybrid 3 did have good 

printability the results discussed in chapter 5 showed BN to have a higher thermal 

conductivity than eBN, therefore hybrid 1 was selected over hybrid 3 for further 

studies as it had less eBN content. For this reason, Hybrid 1 and Hybrid 7 will be 
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compared to BN 20, the most promising ink for thermal management applications due 

to its high thermal conductivity from chapter 5.  

6.2.2 Rheology  

The rheological behaviour of Hybrid 7 (H7) and Hybrid 1 (H1) both display a 

viscosity of less than 5 Pa at a shear rate of 15 s-1 from the flow sweeps seen in figure 

90. Therefore they both fall within the printable range as published by Hinczewski et 

al.[8]  A slight increase in viscosity can be seen from the H7 ink when compared to 

the BN 20 ink, this correlates to the findings in chapter 4 where GNP-based inks 

displayed an increase in viscosity over the BN inks at the same solid loading. However 

in contrast H1 shows a higher viscosity than H7, despite having no GNP content. The 

particle size effects of BN 20 discussed in chapter 4 showed a slight increase in 

viscosity with decreasing platelet size. This collates to the higher viscosity seen in H1 

compared to BN 20. The viscosities for all the inks are within a small range of one 

another (∆2 Pa at 15 s-1) suggesting that the small additions of the exfoliated fillers do 

not significantly influence the rheology of the inks.  

 

 

 

Figure 89 Representation of hybrid BN and µGNP flakes within the UV 

polymer ink. 
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6.2.3 Window Panes  

 To obtain the resolution in the z-axis and determine the speed of print using 

SLA, the hybrid inks underwent the ‘Window Panes’ test. The results from plotting 

the cure depth Cd against the exposure energy E0 (figure 91) showed a lower Cd when 

eGNP is added as a secondary filler in hybrid 7 compared to when eBN is used as a 

secondary filler in hybrid 1. This is in agreement with the lower cure depth of the GNP 

inks discussed in chapter 4. At different exposure energies (E0) the Cd of hybrid 1 is 

larger than BN 20, however, is not the case for all E0. The results in chapter 4 displayed 

a significant increase in Cd for the eBN20 ink compared to BN 20 ink. However, this 

is not observed in figure 91, therefore the small additions of the eBN have not 

significantly affected the scattering behaviour of the overall ink when compared to BN 

20. Whereas there is a consistent reduction in the Cd for hybrid 7 compared to BN 20, 

implying the addition of GNP has a dominant effect on the scattering behaviour. The 

highest resolution in the Z-plane was 9.19 µm and 8.69 µm for H1 and H7 respectively.   
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The printing outcomes of hybrid 7 and 1 are displayed in figure 92 and 93 respectively. 

Figure 92 shows a printed heat sink fabricated using hybrid 7 ink on the SLA build 

platform, the part is slightly grey in colour attributed to the small amounts of eGNP 

(black) inside the predominantly BN-based ink (white). Additional supports were 

required for the hybrid 7 ink to avoid bowing and warpage occurring during printing. 

The photographs show a good outcome of the print, the parts are supported by fine 

supports attached to the build plate and the printed columns or fins are upright and 

self-supported. Figure 93 represents an SEM image of the individual layers produced 

in the SLA printing process. It can be noted that there are some visible gaps or voids 

between the layers highlighted by the arrows. These voids illustrate poor adhesion 

between layers or trapped air pockets during the printing process. The difference in 

the square of the refractive index ∆𝑛2 between the BN and GNP nanoplatelets and the 

polymer, PEGDA could also attribute to the voids presented in figure 93. If the layers 

aren’t fully bonded to one another during curing this can have a significant impact on 

the thermal, electrical and mechanical properties of the printed composite. Although 

the H1 and H7 showed comparable viscosity and good printability with BN20, further 

improvements to dispersions are necessary to optimize the adhesion between layers.  
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6.3 Properties of Hybrids 

 The thermal, mechanical, electrical and chemical properties of the hybrids 

were analysed to determine the impact of having a primary and secondary filler 

compared to a singular filler material.  

TGA data were used to assess what proportion of the initial filler content in the inks 

remained in the composite after printing (figure 94). The printed composites were 

heated under an inert atmosphere to burn out the polymer so only the nanoplatelets 

remained. All three samples BN 20, Hybrid 1 (H1) and Hybrid 7 (H7) contained the 

same starting solid loading however the results from the TGA (figure 94) showed there 

was a slight disparity in the total weight that remained after the polymer had been 

burnt-out. The total mass that remained for hybrid 1 and 7 and BN 20 after burn out 

was 13 %, 20 % and 17 % respectively. The reduction in mass of hybrid 1 from the 

100 µm 

Figure 93 SEM image of printed layers of (a) hybrid 1 and (b) hybrid 7. The blue arrows point towards the voids 

between the layers. 

100 µm 

(a) Hybrid 1 (b) Hybrid 7 

Figure 92 Example of printed part using hybrid 7 ink. 

Supports 

Self-supporting 

columns 
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original solid loading of 20 wt. % represents significant sedimentation during the 

printing process.  

The FTIR spectra of hybrid 1, hybrid 7 and the UV polymer PEGDA/BAPO are shown 

in figure 95. FTIR was used to determine if the hybrid inks had cured during printing 

by displaying the associated PEGDA peaks in both hybrid spectra’s. The peaks from 

both hybrids 1 and 7 (figure 95) display the main B-N-B bending peak at 806.1 cm-1 

and the B-N stretching peak at 1371.1 cm-1. There is no distinguishable characteristic 

peak of the vibration of the –COOH bonds and the graphitic double bonds from the 

eGNP platelets in hybrid 7 at 1410 cm-1 and 1640 cm-1 respectively. The CH2 and –C-

O-C bands at 2863 cm-1 and 1091 cm-1 respectively represent the characteristic bands 

of the PEGDA polymer.  
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The glass transition temperatures of the hybrids were measured using DSC and have 

been displayed in table 20. The results of which are comparable to the BN 20 

composite at the same solid loading. The reported Tg of PEGDA is between -40 ºC 

and -30 ºC[9] therefore the increase in Tg of the hybrids show that the BN and eGNP 

platelets cause a loss in the mobility of the polymer chains. This will, therefore, affect 

the mechanical properties of the composite.[10]  

 

Table 20 Tg results of composites BN 20 and Hybrids 1 and 7. 

Composite Tg (°C) 

PEGDA/BAPO -38 ± 4.5 

Hybrid 1 -21 ± 3.0 

Hybrid 7 -22 ± 2.7  

BN 20 -20 ± 5.9 

   

6.3.1 Surface Morphology of Hybrids  

 Figure 96 shows the fracture surface morphology of hybrid 1. It can be seen 

that the composite has a relatively rough structure. This indicates a good dispersion of 
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BN platelets throughout the polymer matrix which will improve the mechanical 

properties. It is, however, difficult to identify the two different BN flake sizes used in 

the hybrid. Figure 96 displays the fracture surface of hybrid 7, here both the eGNP and 

BN platelets have been dispersed throughout the matrix. It is difficult to identify the 

two flake types but the smaller darker flakes highlighted in the image can be said to 

represent the eGNP platelets, as eGNP are smaller than BN nanoplatelets.  Whilst the 

brighter larger flakes are assigned to BN due to charging effects during imaging. BN 

is electrically insulating, causing accumulation of static electric charges on the surface 

of the sample.[11] It can be noted that for both hybrids there doesn’t appear to be any 

voids or porosities from trapped air bubbles during the printing process, which is 

important for thermal and mechanical properties. Although there are visible voids 

described in figure 93 between the layers of the composites, the SEM images show a 

smaller cross-sectional area which may only represent an individual layer with no 

voids. Suggesting that the printing of the individual layers are homogeneous, but there 

are issues with bonding between the layers (figure 93).  

6.3.2 Mechanical Properties of Hybrids 

The mechanical properties of the hybrids are shown in figures 97 & Figure 98. 

It can be observed from figure 97 the ultimate tensile strength (UTS) of hybrid 1 was 

1970 kPa, the UTS of hybrid 7 was 1170 kPa and the UTS of BN 20 was 1660 kPa. 

For all samples, there was an improvement in the tensile strength compared to the 

polymer without filler (677 kPa). Therefore the addition of filler materials can improve 

the mechanical properties.  The varied lateral sizes of BN platelets in hybrid 1 (table 

19) produced the greatest increase in UTS of 18 % compared to the BN 20 composites 

4 µm 

  

Figure 96(a) Fracture surface of hybrid 7 the white regions pointed with blue arrows represents the BN flakes. (b) 

Fracture surface of hybrid 1 the white regions pointed with blue arrows represents the BN flakes. 

10 µm 

(a) (b) 
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and a 68 % increase compared to hybrid 7. The decrease in UTS of hybrid 7  compared 

to BN 20 can be attributed to the results discussed in chapter 5, where the UTS 

decreased with an increasing weight percentage of GNP due to poor adhesion between 

the layers.[12][13] The addition of 0.2 wt. % GNP platelets with the BN platelets has 

resulted in poor interfacial bonding between the platelets and the polymer matrix. The 

difference in refractive index between the platelets could have also caused the 

scattering of the laser during printing leading to under curing or problems with 

bonding between layers, as discussed in 6.2.3 (figure 97).[14] There is an increase in 

Young’s modulus (stiffness) for both hybrids compared to just the polymer PEGDA. 

Hybrid 7 does show a slight decrease in Young’s modulus compared to hybrid 1 and 

BN 20 however they all fall within the range of 460-540 kPa, this is likely to be due 

to problems with printing GNP. The large difference in refractive index between GNP 

and the polymer can lead to large amounts of scattering causing under curing, resulting 

in the fabrication of weaker parts.[15][16] 

Hybrid 1 presented a maximum flexure strength of 3.08 MPa which is a 25 % increase 

in strength compared to the UV printed polymer (figure 98). Hybrid 7 however, 

displayed a maximum flexure strength of 1.83 MPa resulting in a decrease in flexure 

strength of 35 % compared to the UV polymer. This reduction in the flexure strength 

is attributed to the poor adhesion between printing layers as a result of scattering of 
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Figure 97 Tensile data of Hybrids 1, 7, composite BN 20 and the UV ink PEGDA/BAPO. 
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the laser during printing.[17][12] For both hybrids 1 and 7, there is an increase in the 

flexure modulus of 42 % (60 MPa) and 10 % (47 MPa) respectively. Therefore both 

hybrids have increased the overall stiffness of the UV polymer.     

6.3.3 Electrical and Thermal Properties of Hybrids 

The electrical and thermal properties of BN and GNP are notably the most exploited 

characteristics for functional polymer composites.[18][19][20][21] Previous reports 

have used BN and GNP together for a synergetic effect of driving phonons in the 

composites.[5][22][23] When the fillers are used together, they retain high thermal 

conductivity whilst breaking any electrical pathways with the addition of BN 

interfering between the GNP nanoplatelets. Therefore the hybrids are not electrically 

conductive suitable for uses in electronics, as the hybrids will be able to manage the 

excess heat produced by the electrical device without short-circuiting due to its 

electrically insulating properties. The intrinsic electrical and thermal properties of the 

fillers and PEGDA polymer have been listed below in table 21.  

Table 21 Intrinsic properties of polymer matrix and fillers. 

Material  ρ  (g/cm3) λ  (W/mK) σ (S/m) Ref. 

BN 2.10 400 10-15 [24][25] 

GNP 2.20 3000/6 107 [4] 

PEGDA 1.12 ~0.1-0.2 10-8 [26] 
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The thermal (figure 99) and electrical properties have been calculated using the laser 

flash method and 2-point probe method respectively. The results from table 22 show 

that both hybrids 1 and 7 are not electrically conductive. This is as expected as hybrid 

1 contains no electrically conductive particles and hybrid 7 only contains a small 

quantity (0.2 wt. %) of eGNP, far below the percolation threshold for electrical 

conductivity ~10 wt. %.[27][28] The thermal properties of the hybrids show a definite 

increase in thermal conductivity compared to the polymer matrix. However, the 

inclusion of eGNP in hybrid 7 has not caused an increase in thermal conductivity when 

compared to hybrid 1 and BN 20 at the same solid loading. Interestingly, hybrid 1 

(0.71 W. m-1.K-1) displays an increase in thermal conductivity of 32 % when compared 

to hybrid 7 (0.54 W. m-1.K-1) containing eGNP (figure 99).  This is not as expected, as 

previous literature reports GNP and BN hybrids are more thermally conductive than 

just BN-based composites.[5] Figure 100 shows Hybrid 1 has the greatest thermal 

enhancement factor of 235 %, close to that of BN 20 at 225 % when compared to the 

UV polymer without filler. The thermal conductivity results discussed in chapter 5 

describes GNP-based composites to be more thermally conductive than BN 

composites at the same solid loading, implying hybrids with both GNP and BN should 

be more thermally conductive than just BN-based hybrids.  This indicates that the 

GNP, as a secondary filler, may have caused problems during the printing and curing 

stage and therefore were not dispersed effectively throughout the polymer, however 

further investigations into this may be required. 

Table 22 Thermal and electrical properties of hybrid composites. Were ρ (g/cm3) is the density of the composite, Cp (T) 

(J/g °C) is the specific heat capacity, a (T) is the thermal diffusivity (mm/cm2) and λ (T) is the thermal conductivity 

(W.m-1.K-1). 

Composite ρ 
(kg/m3) 

Cp (T) 
(J/g °C) 

a (T) 
(mm/cm2) 

λ(T) 
(W.m-1.K-1) 

Error Resistivity 
(Ω.m) 

UV Ink 1.18 2.23 0.08 0.21 0.07 6.65 x1011 

Hybrid 1 1.34 2.15 0.25 0.71 0.07 1.81 x1010 

Hybrid 7 1.22 2.03 0.22 0.54 0.06 2.46 x1010 

BN 20 1.21 2.34 0.23 0.69 0.06 3.33 x109 
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To summarise, the properties of both hybrids 1 and 7 are similar to that of the BN 20 

composite. All three samples showed an improvement in tensile and flexure strengths 

and thermal conductivity when compared to just the polymer PEGDA. The hybrids 

also displayed a high electrical resistivity suitable for potential applications in thermal 

management of electronics (table 22).  Shows that there are some voids between the 

layers of the hybrids which will affect the properties discussed, potentially if this could 

be improved a higher thermal enhancement factor could be achieved. The heat 

dissipation of these materials will now be explored further by printing current methods 

(heat sinks) for thermal management applications of electronic. 
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6.4 Heat Sinks 

Without the aid of heat sinks or efficient cooling systems, modern electronics 

with fast processors will overheat and fail. The working limit of electronic devices is 

between 85- 100 °C,  when the temperature increases to even 1 °C above the working 

limit the devices life span is significantly reduced and reliability falls by 5 %.[29] 

Therefore the need for efficient thermal management in modern electronic devices is 

paramount. Heat sinks are often used for this reason to remove excess heat via 

conduction.[30][31][32][33] Commonly heat sinks tend to be made from metallic 

materials such as aluminium or copper. Both these materials have intrinsically high 

thermal conductivities, however, both materials are electronically conductive and are 

therefore not always a suitable choice in electronics. This has led to research in 

thermally conductive polymer composites as they offer an exciting alternative with 

good processing abilities and a reduction in mass. Kalsom et al. used SLA to print heat 

sinks made from 30% (w/v) diamond nano-particles within a commercial resin. They 

observed a significant increase in heat transfer of their composite with nano-particle 

content, resulting in reaching the desired temperature in 30 % less time than their 

composites containing 10 % (w/v). [31] To investigate the effectiveness of the hybrid 

composites for thermal management applications, a typical heat sink design consisting 

of a plate-fin array,[34] was chosen to monitor heat dissipation when placed directly 

on top of a heat source (figures 101 & 102). Heat sinks are often used in electronics to 

remove excess heat from a device for improved working efficiency, safety and to avoid 

short-circuiting from over-heating.  

Figure 101 Photograph of composite heat sinks, from left to right GNP 1, H 1 and H7. The heat 

design shown here is the plate fin array consisting of 10 fins in total. 

GNP 1 

Hybrid 1 

Hybrid 7 



174 
 

A reduced graphene oxide (rGO) aerogel was used to represent a heat source for the 

composite heat sinks (figure 102) (7 x 2.5 x 1cm). Reduced graphene oxide aerogels 

consist of an ultra-lightweight porous  3D structure of nanocarbons that display joule 

heating properties.[35]  By adjusting the current that is passed through the steel plates 

and the aerogel a joule heating effect is attained, that provides uniform heat across the 

sample at a specified temperature. The current was adjusted to heat the aerogel to 90 

°C based on a temperature reading from an Infrared thermometer (IR) thermometer, 

the temperature profiles were then recorded using point measurements from an IR 

thermometer at the base and top of the heat sinks to observe the dissipation of heat 

over time. The heat released from the heat sinks was measured using an infrared 

thermometer (model: 568, Fluke). The resultant heat transferred from the heat sinks to 

the surrounding area is driven mainly by natural convection and radiation. This is 

where there is no forced air in the system through fans. The air between the fins of the 

heat sinks increases due to the temperature increase from the heat source. Higher 

temperature air is less dense than the surrounding cooler air causing the air to rise out 

from the heat sink. This change in density of the air causes the airflow to cool the heat 

sink.[34] 

 

The images from the IR camera (FLIR T440) in figure 104 show a temperature 

gradient from the base to the top of the fins show in the heat dissipation through the 

heat sink. Point measurements were taken at the base of the heat sinks over a period 

of time until the composites reached the set temperature of 90 °C. The results displayed 

in figure 103 show that all three of the composite heat sinks reached the target 

temperature before the PEGDA polymer. The BN 20 composite had the greatest 

Steel 

plates 

Heat sink 

rGO aerogel 

Direction of heat flow 

Figure 102 Schematic of the heat flow through the heat sink as a result of joule heating of the rGO aerogel. 
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increase in temperature over time with an average of 19.14 °C/min compared to the 

PEGDA polymer. Hybrid 7 and hybrid 1 also displayed an increased temperature of 

6.49 °C/min and 8.08 °C/min respectively when compared to the PEGDA UV polymer 

(figure 103). The BN 20 composite reached the set temperature three times quicker 

than the PEGDA heat sink and twice as quick as hybrid 1 and 7. It can be observed 

that both hybrids 1 and 7 perform comparatively to one another, however, the BN 20 

composite still outperforms the printed hybrids.  This is likely due to the larger flake 

size and aspect ratio of the bulk BN platelets which reduces phonon scattering and 

creates good thermal pathways.[36] As expected, the results of the heat dissipation are 

directly related to the thermal conductivities reported, the BN 20 ink achieved the 

greatest thermal conductivity and dissipated the heat the quickest. The reduction in 

performance of the hybrids may also be related to the print quality achieved, as there 

is visible air pocket between the layers which reduce the effectiveness of the thermal 

conductivity as air is a poor conductor of heat (figure 93).  
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6.4.1 Heat Sink Design  

The design consideration of the heat sinks is equally as vital as the material 

selection for ensuring efficient heat transfer and heat dissipation. One of the key 

advantages of being able to 3D print the thermally conductive inks is the freedom and 

flexibility of altering the designs of the heat sinks quickly and with no extra costs of 

new tooling and dies. It has been reported by Costa et al. that by adjusting the 

geometric parameters of the heat sink, including the height, thickness and number of 

fins, the overall performance of the heat sinks can be improved.[37] By reducing the 

thickness of the fins from 2 mm to 1mm and increasing the number of fins from 40 to 

70 they saw a considerable reduction in thermal resistance, however, this also meant 

there was an increase in the mass of the heat sink of 24%. Luo et al. also reported a 

decrease in thermal resistance of 10% when they increased the number of fins from 3 

to 18.[38] Therefore to test the effect of heat sink design on hybrid composite heat 

sinks and compare with the results of previous reports on increasing fin numbers, heat 

sinks designs included a simple block design and arrangement of the fins in a 5 x 4 

and 3 x 3 array, two heat sinks with increasing number of fins (increasing the surface 

area) (Table 23). All heat sink designs were fabricated using hybrid 1 ink and a control 

using just the polymer PEGDA, as hybrid 1 displayed the best heat dissipation of the 

two hybrids tested (Figure 103). 

Figure 105 is a visual representation of the thermal conduction between the heat sink 

designs directly on the heat source rGO aerogel, the temperature variations were 

recorded using an infrared thermometer, measuring at the base of the heat sink. Being 

heated by the rGO aerogel the heat sinks temperatures increase at different rates. The 

heat sink with a 5 x 4 array of fins reached the set temperature (110 °C) in 43 % less 

time than the 3 x 3 array and the simple block design (figure 105) (table 23). This is 

as expected as previously mentioned reports showed an improvement in heat 

dissipation with an increased number of fins. [33][37][38] The heat distribution of the 

heat sinks is uniform for the simple block design, however, the tips of the fins in the 5 

x 4 and 3 x 3 array are considerable cooler showing temperatures difference of 15 °C 

and 13.5 °C respectively. This is because the surface area is larger with an increasing 

number of fins, allowing air to circulate, cooling the heat sink and transferring the heat 

into the surrounding air.  To further test the potential applications of the heat sink 

designs in microelectronics thermal resistance measurements could be measured by 
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fixing the heat sinks to a working electronic device and measure the device's 

temperature over time.   

Table 23 Measurements of hybrid 1 heat sinks with varying fin numbers. 

Heat Sink Length 

 (mm) 

Width 

(mm) 

Depth 

(mm) 

Fin length 

(mm) 

Fin width 

(mm) 

5 x 4 21.0 11.2 5.4 2.5 1.2 

3 x 3 22.2 11.3 5.5 3.1 1.9 

Block 21.1 12.1 5.3 - - 

 

6.5 General Discussion  

Hybrid material composites are an effective way of tuning the properties of a 

material to suit a given application. BN and GNP have often been used together to 

form synergetic, thermally conductive, electrically insulating, hybrid materials for 

thermal management applications in electronics. [39][40][19] In this work these 

properties have been exploited to produce printable UV curable SLA inks. The final 

printed composites have seen an increase in thermal conductivity with good heat 

dissipation compared to the UV PEGDA polymer whilst retaining mechanical 

properties similar to that of bulk BN without a secondary filler.   

Figure 105 (a) Heat sink designs of hybrid 1 composite with rGO aerogel joule heater providing homogeneous source 

of heat to the sinks (b) temperature profile of the different designs of heat sinks displaying heat dissipation over time, 

(c) IR images of the heat dissipation of different designs of heat sinks printed using Hybrid 1. 

(a) (b) 

(c) 5 x 4 3 x 3 Block 
150.2 °C 

22.1 °C 



178 
 

6.5.1 Printability of Hybrids  

 The rheological properties of the hybrid inks produced viscosities well below 

5 Pa s-1 at the printing shear rate of 15 s-1, comparable with single filler composite BN 

20. Therefore the small additions of a secondary filler material did not play a large 

role in the overall viscosity of the inks. When printing the hybrids, hybrid 1 produced 

parts with smooth finishes similar to that of BN 20. However, the printing parameters 

Ec and Dp had to be adjusted to compensate for the eGNP in the ink. Notably, the layer 

thickness of hybrid 7 was smaller than hybrid 1 and BN 20 from the window panes 

test. This was expected as the GNP-based inks produced panes of reduced thickness 

compared to BN-based inks discussed in chapter 4. Overall the printability of the 

hybrids was good as the ratios of eGNP to BN and eBN to BN were tuned to resemble 

the printability of the BN 20 ink. To the best of our knowledge, there have been no 

reports in the literature on SLA 3D printable hybrid composites consisting of 2D-

material based materials.  

6.5.2 Properties of Hybrid Composites 

The overall properties of the hybrid composites were reflective of the 

properties obtained by the BN 20 composite. Interestingly hybrid 1 displayed superior 

mechanical properties over hybrid 7 and BN 20 in both flexure and tension. The 

bonding between the two fillers plays an important part in the final reinforcement of 

the polymer. The decrease in mechanical properties of hybrid 7 was attributed to the 

difference in the refractive index of the BN, eGNP and PEGDA during printing 

causing a degree of scattering from the SLA laser affecting the adhesion between 

layers. Importantly both hybrids maintained a high electrical resistivity suitable for the 

use in electronic devices and as potting materials. 

To maximise the thermal conductivity of the hybrid composites the solid loading was 

optimised to 20 wt. % total while attaining electrical resistivity and good mechanical 

properties. The addition of eGNPs in hybrid 7 was to improve the overall thermal 

conductivity as seen by Shtein et al. where they used GnPs as their primary filler and 

nm-BN for their secondary filler. Shtein et al. saw a significant increase in the thermal 

conductivity of their GNP and BN hybrid composite compared to their µm-BN and 

nm-BN hybrid.[5] However, in this work, when BN is used as a primary filler and 

eGNP as a secondary filler, there is a decrease in thermal conductivity.  The reason 



179 
 

for this is likely related to how the composites have been manufactured. The SLA 

printing technique uses UV radiation to cure the composites and the degree of cure, 

penetration depths of the radiation into the resin, and overall print quality are heavily 

affected by the difference in the square of the refractive indexes between the polymer 

and filler material. Therefore even with a small quantity of eGNP platelets the 

difference in the refractive index between them and the BN platelets and PEGDA 

polymer is likely to cause scattering of the UV radiation leading to under curing and 

poor adhesion between the printed layers. When this occurs, the network of filler 

material within the printed part may be broken or disrupted by voids or air pockets. 

These voids will scatter phonons and therefore impede the thermal conductivity of the 

printed hybrid composite. To obtain a high thermal conductivity for the hybrid 7 resin 

adjustments to the printing process will be required in order to minimize scattering 

effects.   

Similar to Shtein et al. there was an increase in thermal conductivity of the BN and 

eBN-hybrid (hybrid 1) compared to just bulk BN dispersed within the UV polymer.[5] 

The theory behind this is that the smaller platelets fit in between the larger ones 

providing a pathway between the flakes, reducing the distance travelled through the 

matrix. Overall hybrid 1 produced the highest mechanical and thermal properties 

whilst maintaining good workability and printability as an ink for SLA.  

6.5.3 Hybrids for Thermal Management Applications  

The heat sinks in this work showed that BN 20 reached the set temperature in 

50% less time than hybrid 1 and 7. The amount of power dissipated is a function of 

the geometry and pathway between the device and heat sink. The adaptations to the 

design of the heat sinks, by increasing the number of fins and therefore surface area 

further improved the heat dissipation by reaching the set temperature in 43% less time 

than the simple block design or a (5 x 4) array measured from the base of the heat sink. 

This agreed with the reports in the literature that an increase in heat sink fins (surface 

area to volume ratio) improves the dissipation of heat.[33][37][38] Further 

improvements to reduce the contact resistance between the heat sink and the heat 

sources could be made by trying different thermal compounds and pastes, improving 

the efficiency of the heat sink.  
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The thermal conductivity reported here (0.71 W.m-1.K-1 at 90 °C, BN 20) is still quite 

low and therefore the heat dissipation is not sufficient enough for thermal management 

in modern electronics. For efficient LED systems with a medium power density, a 

thermal conductivity of 3 W/mK is required.[41] The inks produced in this study are 

currently limited by the maximum solid loading. The percolation threshold for thermal 

conductivity of eBN-BN and eGNP-BN hybrids has been reported to be ~17 vol. % 

which is higher than the 10.7 vol. % used in this work.[5]  Therefore with 

improvements to the solid loading and orientation of the platelets the enhancement in 

thermal conductivity can be significantly increased to be able to be used in thermal 

management applications. The ability to 3D print graded complex structures, 

components with gradual differences in the composition and structure over volume, 

with minimal waste is also a very attractive prospect for 3D printing new generation 

thermal management systems.[42][43]   
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7 

Conclusion  

 

The goal of this thesis was to explore multi-functional UV curable resins 

containing GNP and BN for SLA printing. The physical and chemical properties of 

the printed composites have been analysed to determine the suitability for potential 

applications with a focus on the thermal and electrical properties. Further 

developments of BN-GNP hybrid inks have been synthesised and tested for their 

synergetic effects of high thermal conductivities and electrical resistivity’s for 

applications in thermal management of electronics.   

It is clear from the work presented in chapter 2, that there have been few publications 

on the development of 2D material-based inks for SLA and the implications of printing 

this class of materials. Chapter 4 has explored the implications of printing platelets as 

opposed to traditional spherical ceramic particles. The maximum solid loading of the 

BN-based inks was 20 wt. % the main reason for this was related to the scattering 

effects of the ink as opposed to the rheological properties. The viscosity of the ink was 

considerably below the printing viscosity of 5 Pa s-1 suggesting that BN inks would 

still be printable with further increases in concentration. However the small Cd of the 

20 wt. % inks (10-18 µm) implies that large amounts of scattering of the incoming UV 

light occurred. It has been noted that GNP platelets have a significant effect on the 

viscosity, even at relatively low loadings of 8 wt. % the viscosity was outside of the 

printing parameters for SLA, this lead to maximum solid loading of GNP to be  

4 wt. %. For both inks scattering effect, models were applied to the curing behaviour 

established by the window panes tests. The results concluded that the experimental 

scattering behaviour that occurred during printing was best described through Mie 

scattering. The limitations to these results are related to the semi-empirical models 
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published focusing on the assumptions of spherical particles as opposed to platelets. 

The ∆𝑛2 between the polymer and filler material had a significant effect on scattering 

and therefore should be minimised to ensure good printability of the inks when using 

SLA.   

The BN-based inks provided a better overall printability with smooth surface finishes 

compared to those that contained GNP. This had a direct impact on the overall 

mechanical and thermal properties. With increasing concentration of BN, the tensile 

modulus and strength increased by 169 % and 146 % respectively. However for GNP 

composites, there was a reduction in tensile strength and modulus with increasing 

concentration, this was attributed to the formation of aggregates and poor adhesions 

between the printed layers. There was however a significant increase in thermal 

conductivity with increasing filler loading of both materials. With a maximum thermal 

enhancement of 233% (0.7 W m-1 K-1) for BN 20 composite and 200 % (0.55 W m-1 

K-1) for GNP 4. GNP composites displayed a thermal enhancement that was 22 % 

greater than that of BN composites at the same solid loading, this is associated with 

the higher intrinsic thermal conductivity of GNP. The low weight percentage of GNP 

in the composite inks (4 wt. %) meant that the percolation threshold for electrical 

conductivity was not achieved ~10 wt. %.[1] [2] [3]Therefore all printable composites 

were electrically resistive (2.81 x10-10 S/m) for potential applications in thermal 

management of electronic devices.   

The results from chapter 6 showed that hybrid inks based on a variation in size and 

materials could be printed using SLA. The findings showed that hybrid 1 which 

contained both bulk BN and exfoliated BN had the greatest increase in tensile strength 

and thermal conductivity 191 % and 238 % respectively. Although there have been 

reports of improvements in thermal conductivity of GNP-BN hybrids, this was not as 

effective in the SLA printed composites. Hybrid 7 displayed a high thermal 

conductivity of 0.54 W m-1 K-1. The decrease in thermal conductivity compared to 

hybrid 1can be attributed to issues with the printability of the ink, for example, 

increased scattering effects and reduced interfacial bonding between both of the 

platelets and the polymer matrix.  

To test the effectiveness of the composites for potential applications in thermal 

management of electronics, heat sinks were printed using hybrids 1 and 7 inks to 
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monitor the heat dissipation over time. The findings concluded that both hybrids 

reached the set temperature in less time than the polymer, however, the BN 20 

composite heat sink was the most effective in heat dissipation of the rGO aerogel. 

Three designs of heat sinks were tested using hybrid 1 ink to observe the geometric 

effects on heat dissipation. The findings showed that the heat sink with the larger 

surface area (5 x 4) array reached the set temperature 43 % faster than the other 

designs.    
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8 
Suggestion for Future Works 
 

The work presented in this research demonstrated the use of SLA printing to 

produce functional composite parts with enhanced thermal conductivities. While this 

work has shown the possibilities and challenges associated with printing 2D materials 

using SLA, further work is required to extend and improve the functionalities and 

therefore applications of printing next-generation materials. Suggestions for future 

work will now be discussed based on the work carried out in this research.  

In chapter 4 the effects of scattering and absorption behaviour of GNP and BN inks 

were discussed and calculated using previously published models. Although these 

models were applied to the experimental findings, further investigation into the 

absorption and scattering effects could be studied to gain a deeper understanding of 

what happens during the printing process in order to improve it. The scattering 

coefficients can be measured using an integrating sphere. Work by Harvey et al. used 

an integrating sphere for various 2D nanosheet dispersions to find the size effects of 

the materials and their associated scattering behaviours.[1] The reduction of ∆𝑛2 

between the polymer and fillers helps to reduce scattering effects, therefore it would 

be interesting to review the refractive index of other photopolymers and 2D material 

fillers to produce inks with excellent printability with increased solid loading and 

functionalities.   

To improve the dispersions and homogeneity of the inks experiments with different 

dispersants and functionalisation of fillers to the polymer resin could be further 

studied. This is important to also improve the interfacial bonding between the polymer 

and filler to enhance the mechanical, electrical and thermal conductivities discussed 

in chapter 5.   
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For the work in chapter 5, it would be interesting to investigate the alignment of 2D 

material fillers during the printing process in SLA. As 2D materials are anisotropic the 

mechanical, thermal and electrical properties of the composites could be greatly 

improved through tuning the orientation of the platelets. This is challenging in SLA 

due to the lack of control of orientation as the flakes are suspending in a vat. 

Nevertheless, work by Lin et al. have aligned BN flakes using magnetic particles 

attached to the fillers to control orientation using a magnetic field. They modified the 

surface of BN flakes using iron oxide which was responsive to a magnetic field and 

found an increase of 104 % in the thermal conductivity of their aligned BN 

composites.[2] Liu et al. used an electric field to induce the orientation of their 

BN/SiC- epoxy composites to improve the thermal and mechanical properties.[3] The 

alignment of filler materials in SLA could drastically change the outlook for functional 

3D printing that can be used in everyday applications that have not been achieved thus 

far.  

The results in chapter 6 showed that improvements in thermal conductivity and 

mechanical properties were achieved through the creation of BN hybrids based on 

platelets of different lateral sizes and aspect ratios. It would be beneficial to study the 

effects of incorporating a secondary filler material with further reductions in the lateral 

size and/or aspect ratio, to see if smaller flakes can bridge the gaps between the larger 

ones more efficiently than what was achieved in chapter 6. It would also be 

advantageous to improve the printing parameters of the GNP-BN hybrid ink to 

improve the thermal and mechanical properties similar to what others have reported 

discussed in chapter 6.[4] This could be achieved by studying the effects of 

incorporating varied lateral sizes of platelets and optimising the ratio of primary to 

secondary filler.  

Primary research was conducted on the effectiveness of heat dissipation using 

different geometries of heat sinks for electronic devices in chapter 6. This work could 

be optimised further by printing components with varied internal geometries, graded 

structures and complexities that can be accomplished through 3D design and printing.  

The outlook for 3D printing 2D material composites is an exciting prospect for an 

array of applications from thermal management, electronics, biomedical devices etc. 

Work is still yet to be completed to commercial resins for 3D printing applications 
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however when this is succeeded it will open up a new route for manufacturing multi-

functional parts, quickly and with minimal waste.  
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Appendix 
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The following appendix describes some of the calculations used within the 

main thesis and some novel findings that have not been reported on as they are not 

directly relevant to the thesis story.    

9.1 Particle Sizing Data 

The thickness of both GNP and BN were measured using AFM, the size of 

which is reported in table 24. 

Table 24 Particle sizing of BN and GNP flakes 

 

 

2D material SEM: Lateral size (µm) Error 

 

AFM: Thickness (nm) Error Aspect ratio 

GNP 5.74 0.84 153.63 30.71 115.82 

BN 7.45 2.25 68.79 7.40 108.30 
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9.2 Herschel-Bulkley Fitting of Composite Inks 

Figures 108 & 109 represent the Herschel-Bulkley fitting of the rheological 

raw data of all UV inks containing both BN and GNP. The results of which were used 

for empirical modelling to find 𝜏𝑦 the yield stress discussed in chapter 4.  
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Figure 108 Herschel–Bulkley fitting of all BN-based inks, raw data from flow sweeps. 
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Figure 109 Herschel–Bulkley fitting of PEGDA and GNP-based inks, raw data from flow sweeps. 
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9.3 Optimum Printing Parameters from the ‘Window 

Panes’ Test 

The optimum Cd and Dp were calculated using the window panes test. For inks, 

containing BN and GNP up to 8 wt. % solid loading the initial values for Ec and Dp 

were 12 mJ/cm2 and 3.7 mm respectively. Inks containing solid loadings greater than 

8 wt. % had the initial printing parameters 30 mJ/cm2 and 4.2 mm respectively. The 

limitations of the SLA printer meant that a maximum Dp of 20 mm could be applied. 

Therefore, to find the optimum printing parameters of the composite inks the initial 

Dp of either 3.7 mm or 4.2 mm remained and the Ec was increased in increments of 20 

% until the optimum Cd was achieved. These parameters were then applied to the 

printed parts described in chapters 5 and 6.  

Table 25 The calculated Dp and Ec values from the Window Panes test results, derived from Beer-Lamberts equation. 

Ink Dp (mm) Ec (mJ/cm2) 

BN 0.1 170.3 6.2 

BN 1 122.7 4.4 

BN 2 126.9 3.3 

BN 4 138.7 4.8 

BN 8 124.3 4.6 

BN 20 3.2 8.0 

eBN 20 25.1 0.1 

GNP 0.1 170.3 6.2 

GNP 1 68.6 8.9 

GNP 2 18.3 0.5 

GNP 4 73.2 7.3 

GNP 8 30.0 2.8 

 

Empirical models for defining scattering behaviour of composite resins in SLA 

The cure depth of an SLA resin can be modelled using the following equations: 

  

𝐶𝑑 =
2〈𝑑〉

3�̃�

𝑛0
2

∆𝑛2
𝑙𝑛 (

𝐸0

𝐸𝑐𝑟𝑖𝑡
) 

 

 

(26) 

 

 

Where 〈𝑑〉 is the average size of the diameter of the particles, ∆𝑛2 is the square of the 

difference in refractive index between the particle and resin. E0 is the energy density 

and �̃� is the scattering efficiency term.[1] 
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Working curve equation:  

  

 

𝐶𝑑 = 𝐷𝑝 ln [
𝐸0

𝐸𝑐𝑟𝑖𝑡
] 

 

 

(27) 

 

 

 

Equation (15) is the most widely used equation for predicting the optimum printing 

parameters to control layer thickness and therefore the speed of print. Alternatively, 

the working curve equation can be adapted to include the extinction coefficient by: 

  

𝐶𝑑 = [
1

𝛾
] 𝑙𝑛 (

𝐸0

𝐸𝑐𝑟𝑖𝑡
) 

 

 

(28) 

 

 

From the Beer-Lamberts equation the effective extinction coefficient, 𝛾𝑒𝑓𝑓 can be 

calculated using the following equation: 

  

𝛾𝑒𝑓𝑓 = 3�̃�∆𝑛2/2〈𝑑〉𝑛0
2 

 

(29) 

 

  

𝐸𝑐𝑟𝑖𝑡 = 𝐸0𝑒𝑥𝑝(−𝛾𝐶𝑑), 

 

 

(30) 

 

  

𝐶𝑑 = 𝛾−1𝑙𝑛 (
𝐸0

𝐸𝑐𝑟𝑖𝑡
) 

 

 

(31) 

 

 

The extinction coefficient can be described by; 

  

𝛾 =
3

2

𝜙𝑄

〈𝑑〉
 

 

 

(32) 

 

 

Where Q is the extinction coefficient efficiency term, 𝜙 is the volume fraction of the 

filler. 

 

After substitution the equation becomes:  
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𝐶𝑑 =
2〈𝑑〉

3𝑄
 
1

𝜙
𝑙𝑛 (

𝐸0

𝐸𝑐𝑟𝑖𝑡
) 

 

 

(33) 

 

 

These equations have been applied to the experimental data to analyse the effect that 

ϕ, 〈𝑑〉  and 𝐸0 have on the scattering effects of printing using nanoplatelets. For all 

calculations 〈𝑑〉 is equated to the mean average lateral length of the flakes mentioned 

in section 4.3. It is important to know that typically the cross-section for scattering 

uses the diameter of spherical particles.  

9.4 Thermal Properties of BN and GNP Composites   

Figures 110 & 111 show the thermal diffusivity results from the laser flash 

method used to calculate the thermal conductivity of the composites. An increase in 

thermal diffusivity with increasing solid loading of 2D material can be observed from 

the graph.   
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Figure 110 Thermal diffusivity of BN-based inks measured from 30°C to 150 °C. 
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Figure 112 describes the coefficient of thermal expansion of the PEGDA resin matrix, 

GNP 1 composite and BN 20 composite, measured using dilatometry. The CTE 

describes the degree of expansion of the composite as a result of being heated at 

constant pressure. The composite containing GNP 1 wt. % had the largest increase in 

thermal expansion, however, there is little difference in the CTE between the 

composites, meaning that the addition of 2D materials does not have a significant 

effect on the CTE at the described solid loadings up to 20 wt. % BN and 1 wt. % GNP.  
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Figure 112 Coefficient of thermal expansion of composites. 

0 20 40 60 80 100 120 140 160 180

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18
 UV Ink

 GNP 1

 GNP 2

 GNP 4

T
h
e

rm
a
l 
D

if
fu

s
iv

it
y
 (

m
m

2
/s

)

Temperature (°C)

Figure 111 Thermal diffusivity of GNP-based inks measured from 30°C to 150 °C. 
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Fitting of Agari’s equation to BN composites 

𝑙𝑜𝑔 𝜆𝑐 = 𝑉𝑓. 𝐶2. 𝑙𝑜𝑔 𝜆𝑓 + (1 − 𝑉𝑓) . 𝑙𝑜𝑔(𝐶1𝜆𝑝) 

 

From the table, Equation fitted: 𝑦 = 𝑚𝑥 + 𝑐 

Plot is  log 𝜆𝑐 vs Vf so y = log 𝜆𝑐 and x = Vf 

By expanding the brackets the equation becomes: 

𝑙𝑜𝑔 𝜆𝑐 = 𝑉𝑓 . 𝐶2. 𝑙𝑜𝑔 𝜆𝑓 + 𝑙𝑜𝑔(𝐶1𝜆𝑝) − 𝑉𝑓 . 𝑙𝑜𝑔(𝐶1𝜆𝑝) 

Re-arranging using the common dominator𝑉𝑓: 

𝑙𝑜𝑔 𝜆𝑐 = 𝑉𝑓 . [𝐶2. 𝑙𝑜𝑔 𝜆𝑓 − 𝑙𝑜𝑔(𝐶1𝜆𝑝)] + 𝑙𝑜𝑔(𝐶1𝜆𝑝) 

 

𝑙𝑜𝑔 𝜆𝑐 = 𝑙𝑜𝑔(𝐶1𝜆𝑝) +𝑉𝑓. [𝐶2. 𝑙𝑜𝑔 𝜆𝑓 − 𝑙𝑜𝑔(𝐶1𝜆𝑝)] 

Re-arrange to the from 𝑦 = 𝑚𝑥 + 𝑐 

𝑙𝑜𝑔 𝜆𝑐 = 𝑉𝑓 . [𝐶2. 𝑙𝑜𝑔 𝜆𝑓 − 𝑙𝑜𝑔(𝐶1𝜆𝑝)] + 𝑙𝑜𝑔(𝐶1𝜆𝑝) 

𝑚 = 𝑙𝑜𝑔(𝐶1𝜆𝑝) 

𝑐 = 𝐶2. 𝑙𝑜𝑔 𝜆𝑓 − 𝑙𝑜𝑔(𝐶1𝜆𝑝) 

The gradient from Figure 113 represents m and the x-intercept is c 

Calculating C1 and C2 values.  

C1: 

10𝑎 = C1λp 

C1 = 10𝑎/λp 

 

C2: 

c = C2. log λf − log(C1λp) 

c = C2. log λf − m 

c − m

log 𝜆𝑓
= C2 

Using BN 20 wt. % thermal conductivity from the experimental data (1.71 W/m K) 

C1 and C2 are found to be:  

m = -0.45331, c = 3.286, 𝜆𝑓 = 400 (W/m K), λp= 0.21 (W/m K) 

C1 = 1.677 
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C2 = 1.437 

 

The glass transition temperature values for all GNP and BN-based composites 

discussed in chapter 5 are listed in table 26. 

Table 26 Glass transition temperatures (°C) of all composites containing GNP and BN. 

Filler concentration  

(wt. %) 

Tg of BN composites  

(°C) 

Tg of GNP composites 

 (°C) 

1 -36.83 -34.62 

2 -35.72 -25.75 

4 -35.36 -24.86 

8 -35.65 -23.61 

20 -20.21 - 
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Pearson's r 0.8733

R-Square(COD) 0.76265

Adj. R-Square 0.68353

Figure 113 Agari's equation applied to the thermal conductivity of BN 

composites to find the C1 and C2 values. 
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9.5 Properties of Hybrid Composites   

Figure 114 displays the SEM image of the GNP nanoplatelets after 

exfoliation. These nanoplatelets are used in chapter 6 for hybrid 7.  

The Window Panes test results describe the Cd of each of the hybrids with increasing 

E0 (figure 115). The graph shows that hybrids with high amounts of GNP produce a 

smaller Cd than hybrids that only containing BN and eBN. Hybrids 1, 3 and 7 all 

produced a suitable layer thickness for printing using SLA. Hybrids 2, 4, 5 and 6 fell 

apart during measurements as they were too delicate. Therefore from the results 

Hybrids, 1 and 7 were chosen for further studies that have been discussed in chapter 

6 
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Figure 115 Working curve of all iterations of hybrids from the window panes test. 
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Figure 114 SEM image of eGNP nanoplatelets 
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Figure 116 describes the mass loss as a percent of all of the hybrid composites when 

heated in an inert atmosphere to 800 °C. 

The results displayed in figure 117 describes the Tg of each of the hybrid composites, 

the influence of GNP and BN has little effect on the glass transition temperature as 

this is dominated by the polymer PEGDA. 

 Figures 118 & 119 display the arrangement of BN nanoplatelets in the PEGDA matrix 

visualised through CT data. The highlighted regions show the presence of large air 
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Figure 116 TGA results showing change in mass over temperature of all hybrid compositions. 
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pockets, the largest void has been measured to be 167 µm in diameter. The scans show 

that the BN flakes (white regions) have been dispersed evenly throughout the printed 

part showing going homogeneity 

 

 

Figure 119 CT data of Hybrid 1, the blue circles highlight the voids within the sample. The white areas represent the BN 

flakes dispersed within the polymer matrix (black areas). 

Figure 120 describes the input power required to heat the rGO aerogel to specific 

temperatures using joule heating. This data was then applied to the heat dissipation 

results discussed in chapter 6.  

Figure 118 CT data of Hybrid 1. The white areas represent the BN flakes dispersed 

within the polymer matrix (black areas) scale bar is 5 mm. 
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Visible heat gradients of a printed polar bear heated on top of the rGO aerogel printed 

using hybrid 1 ink.  
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Figure 123 Image of 3D printed BN polar bear on rGO aerogel showing 

the difference in temperature gradients.  

 

Figure 124 Image of 3D printed BN polar bear on rGO aerogel showing 

the difference in temperature gradients.  
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Figure 120 Joule heating of rGO Aerogel 

 

 

Figure 121 Joule heating of rGO Aerogel 

 



205 
 

 


