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_______________________________________________________________________________________ 

Abstract 

Direct ink writing – an extrusion-based additive manufacturing process – followed by pressureless 

sintering was investigated to produce boron carbide monoliths. The effects of ceramic powder loading 

and Pluronic binder concentration on the rheology of boron carbide pastes were studied and linked to 

both processing behaviour and final outcome in terms of sintered density and hardness. The effects of 

printing parameters, in particular orifice diameter and printing speed, were also investigated. Reducing 

the size of the extrusion nozzle from 584 μm to 406 μm led to significantly better shape retention, lower 

surface roughness, as well as higher density and hardness. A 203 μm printing orifice was also trialled but 

was unsuccessful due to faster drying kinetics that occurred with smaller ceramic struts resulting in rapid 

warping and nozzle clogging. Carbon-black – 8 wt% relative to B4C – acted as an effective sintering aid to 

increase both density and hardness. After optimisation of feedstock and printing parameters, few-layer 

samples (3-5 layers) had a density as high as ~ 97% TD and a hardness of ~ 30 GPa. On the other hand, 18-

layer specimens had a sintered density of ~ 87% TD, despite a fully dense microstructure, due to the 

formation of a 3D array of inter-strut pores. Nevertheless, several issues that arose during manufacturing 

and post-processing were detrimental to the density and structural integrity of printed specimens; these 

issues were identified, discussed, and suggestions for future work are provided.  

_______________________________________________________________________________________ 
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1. INTRODUCTION 

Boron carbide (B4C) is an advanced non-oxide ceramic characterised by its extreme hardness, high 

elastic modulus, low density, high temperature resistance, and excellent neutron absorption. This set of 

properties make B4C ideal for a number of engineering applications, including abrasive tools, sand 

blasting nozzles, radiation shields, and lightweight ballistic armours [1]. Most technical applications of 

boron carbide require dense sintered monolithic bodies [2] but the densification of B4C is challenging 

because of its low plasticity, low self‐diffusion coefficient and strong B-C covalent bonding [3]. The 

manufacture of dense B4C components for commercial industrial applications is therefore commonly 

performed by uniaxial hot pressing [4]. However, fabrication techniques based on colloidal processing, 

such as gel casting, slip casting and additive manufacturing, followed by pressureless sintering, are 

increasingly gaining in importance as they enable the fabrication of more complex shapes [5][6][7]. 

Pressureless sintering of B4C requires the application of small amounts of sintering aids, such as Al [8], 

ZrO2 [9], Al2O3 [10], and carbon black [11], to enable high apparent densities; an optimised amount of 

carbon black additive was used in this study. 

Direct ink writing (DIW) – also commonly called robocasting [12] – is an AM process in which a highly-

loaded viscous ceramic slurry or paste is extruded through a nozzle and solidifies as it is deposited onto 

a substrate [13]. Suspension solidification and shape retention after deposition are typically induced by 

the pseudoplastic to dilatant transition that occurs upon evaporation of the solvent [13]. Reversible 

colloidal gels that coagulate by controlled flocculation with additions of salts or polyelectrolytes and set 

immediately after deposition without drying can also be used [14][15]. The use of a suitable dispersant, 

mostly acting by electrosteric repulsion, is essential to the formulation of homogeneous and well-

dispersed pastes. Small amounts (0 – 5 wt%) of other additives, such as thickener, plasticiser and 

viscosifier, are also added to enhance suspension stability and impart specific rheological properties. 

The DIW process relies on the precise control of the rheological properties of the extruded paste. The 

feedstock must have a high solid loading of well-dispersed ceramic particles in order to minimise 

shrinkage and to prevent the formation of porosity and cracks during the debinding and sintering heat 

treatments. They must also have a pseudoplastic (shear-thinning) behaviour to ensure that the very high 

starting viscosity decreases by several orders of magnitude when subjected to shear inside the extrusion 

nozzle during deposition [13]. These viscoelastic materials are also designed to have a yield stress and can 

be fitted to the Herschel-Bulkley model for yield-pseudoplastic fluids [16]. Yield stress increases with the 
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ceramic solids loading as well as with the addition of binders and stiffening agents such as 

polyvinylpyrrolidone (PVP) [17], polyethyleneimine (PEI) [18], Pluronic F-127 [19] or methylcellulose [20]. 

DIW has been used extensively to produce porous biomedical scaffolds for tissue engineering from 

tricalcium phosphate (TCP) [21][22][23], hydroxyapatite (HA) [24], HA/β-TCP [25][26][27][28], 

wollastonite/TCP [29], C-Al2O3 [30], bioactive glass [16][31][32][33], and magnesium aluminate (MgAl2O4) 

spinel [34]. DIW has also been used to process a wide range of engineering ceramics, including Al2O3 

[35][36][37][38][39], PZT [40], mullite [41], barium titanate [18], Si3N4 [42][43], SiC [44], and B4C [45][46][47]. 

Manufacturing monolithic parts using extrusion-based AM processes present different and additional 

challenges compared to producing lattice structures. Limited success has been achieved so far in using 

additive manufacturing to produce dense monolithic parts from carbide ceramics in general, and boron 

carbide in particular [48]. Nevertheless, DIW is a promising technology to enable the freeform fabrication 

of dense B4C with high mechanical properties. 

While one of the main advantages of AM processes lies in their ability to produce complex-shaped parts 

that would be difficult or impossible to fabricate using conventional methods, there remains a need to first 

demonstrate that AM can be used to produce fully dense and defect-free boron carbide parts using DIW. 

Indeed, the high mechanical properties of B4C depend entirely upon the ability to shape defect-free parts 

of high density (> 95% TD). It is therefore essential to first focus on developing the material and processing 

routes for the fabrication of fully dense, defect-free B4C parts, rather than demonstrating complex B4C 

components with potentially high defect count and low density, which was already demonstrated in 

previous studies [45][46]. This study investigated the fabrication of simple boron carbide monoliths using 

DIW to better understand the relationships between material feedstock composition, rheological 

properties, DIW parameters, additive manufacturing behaviour, and final properties of green and sintered 

parts.  

First, a range of B4C pastes using varying ceramic powder loadings and Pluronic binder concentrations 

were formulated, and their rheological properties – i.e. viscosity, storage modulus, and yield stress – were 

characterised to identify suitable pastes for DIW operation. It was then essential to optimise printing 

parameters – namely extrusion orifice diameter, layer height, extrusion pressure and printing speed – 

according to the specific rheological behaviour of each paste in order to obtain the best possible outcome 

in terms shape retention, density, roughness and hardness, while minimising printing defects such as 

drying cracks and internal porosity.  
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2. EXPERIMENTAL 

2.1. Materials 

DIW feedstock typically consists of a highly-concentrated aqueous ceramic paste with small amounts 

of organic additives such as a dispersant and a gelling agent. In this work, B4C pastes contained the 

following solid powders: boron carbide powders, carbon black nanopowder and graphene nanoplatelets. 

B4C powders were commercially available in grades 1500F and 3000F (3M Technical Ceramics, Germany), 

which, according to manufacturer’s data, had a > 96% purity and an average particle size of approximately 

2 μm and 0.5 μm, respectively.  

A carbon black powder (Grade C, 150 nm, US-nano.com, USA) was added into the pastes as a sintering 

aid to assist densification of B4C during furnace sintering. The amount of carbon black was fixed across all 

pastes at 8 wt% relative to the mass of boron carbide. A free-carbon concentration of approximately 8 wt% 

was previously identified by scientists at Lawrence Livermore National Laboratory (LLNL) as a suitable 

carbon black-to-boron carbide ratio for the given powders [49]. 

Graphene nanoplatelets (GNPs) with an average surface area of 750 m2/g (xGNP®, grade C-750, XG 

Sciences Inc., USA) were also added to one of the paste formulations with a view to study their influence 

on the density, microstructure and mechanical properties of the final components. According to the 

manufacturer’s data, grade C GNP particles typically consist of aggregates of sub-micron platelets with a 

particle diameter < 2 microns and a typical particle thickness of a few nanometers, with C-750 having a 

relatively high oxygen content of 8% [50]. 

First, a branched polyethyleneimine (PEI 25k, MW ~ 25,000, Sigma Aldrich, USA) was added to 

deionised water, stirred, and left for at least 3 hours to fully dissolve. PEI 25k acted as a cationic dispersant 

for boron carbide powders in water, and the amount of PEI 25k represented 2.8 wt% relative to the mass 

of B4C powder that would be subsequently added, based on previous work by Chandrasekaran et al. at 

LLNL [47].  

B4C, carbon black and GNP powders were progressively added to water in aliquot parts so as to 

promote their dispersion in the solvent and prevent excessive formation of particle aggregates and lumps. 

After each powder batch addition, suspensions were mechanically mixed in a non-vacuum planetary 

centrifugal mixer (Thinky, USA) at 2000 rpm for 1 min, once at the beginning, and then twice with a 15 

seconds cool-off break once pastes were highly concentrated and viscous. 
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The total mass of resulting pastes was measured, and 1 wt% of stearic acid (ACS reagent, ≥99.7%, 

Sigma-Aldrich, USA) was added to adjust the pH of B4C pastes towards acidic values, since PEI has been 

shown to be a more effective stabiliser of aqueous B4C dispersions at pH below 5 [51]. 

Pluronic powder (Pluronic® F-127, BASF, USA) was added to act as a thickener and stiffening agent. 

Pluronic F-127, also known as poloxamer 407, is a hydrophilic non-ionic triblock copolymer in an A-B-A 

configuration where A is a hydrophilic polypropylene glycol (PPG) block and B is a hydrophilic 

polyethylene glycol (PEG) block. All Pluronic concentrations in this work are expressed as wt% relative 

to the mass of water in paste formulation. 

Four different B4C formulations were investigated, with varying ratios of B4C powder grades, carbon 

black and GNP concentrations, as detailed in Table 1. Paste P0, used as the reference, was composed of 

one B4C powder grade and was free of carbon additives. An optimised concentration of carbon black was 

added to paste P1, P2 and P3 to promote sintering densification. Furthermore, a 70/30 wt/wt % ratio of 

1500F/3000F B4C powder grades was chosen to evaluate the impact of a bimodal mixture on packing and 

sintering density. It was expected that finer particles would fill in the pores formed between coarser 

particles while also enhancing sintering activity. The ratio was chosen based on results in the literature on 

ceramic sintering and powder metallurgy where it has been shown that 20 – 50 wt% of the minor powder 

is usually beneficial to particle packing and densification [52][53]. 

 

Table 1: Breakdown of the solids concentration of the four different DIW paste formulations. 

Paste formulation Unit P0 P1 P2 P3 

B4C 1500F/3000F wt/wt 100/0 100/0 70/30 70/30 

Carbon black wt% rel. to B4C 0 8 8 8 

GNPs wt% rel. to B4C 0 0 0 1.5 

 

2.2. Methods 

2.2.1. DIW setup 

The DIW setup was located on a three‐axis micropositioning stage (Aerotech, USA). Concentrated 

aqueous ceramic pastes were loaded into 10 cc syringes equipped with a plunger and a tapered plastic 

dispensing tip (Optimum® SmoothFlow™, Nordson EFD, USA). A pressure-driven system was used to 
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deliver the ink through nozzle diameters of either 584, 406 or 203 µm, and the linear feed rate was varied 

between 2.5 and 10 mm s−1. The extruding pressure in the syringe was varied between 15 and 100 psi (100 

and 690 kPa, respectively).  

The structures were initially printed on borosilicate glass microscope slides onto which a PTFE release 

agent dry lubricant was sprayed, or a layer of Vaseline was applied to aid in the release of printed 

structures from the substrate during the drying process. The structures were allowed to dry out at room 

temperature for at least 24h before their removal from the substrate. Alternative substrates were then 

trialled, including a fully dense, smooth ceramic substrate, a fully dense alumina grinding bar with highly 

rough surfaces, and finally a smooth, 50% porous, green boron carbide disc produced by gelcasting. 

 

2.2.2. Rheological measurements 

The rheological properties of DIW pastes were measured on a controlled-stress rheometer (AR 2000ex, 

TA Instruments, USA) equipped with a cone-and-plate geometry (cone diameter: 40 mm; truncation angle: 

2.006°; gap: 50 μm; material: stainless steel) and a solvent trap to minimise evaporation of water. Pastes 

were subjected to a continuous oscillation strain sweep test from 0.01 to 100 % strain at a frequency of 1 

Hz in order to measure their storage and loss moduli E’ and E”, respectively. The viscosity η was measured 

by performing a logarithmic shear rate ramp between 1 and 100 s-1 at ambient temperature, with twenty 

measuring points and 50 sec measuring time per decade. 

2.2.3. Binder burnout and furnace sintering 

Thermogravimetric analysis (TGA 4000, PerkinElmer, USA) was used to determine the content of 

binder and other organics in B4C green parts made by DIW. TGA was performed on a sample having a 

mass of 9.919 grams, under a constant nitrogen gas flow of 19.8 ml/min, from 30°C to 600°C with a heating 

rate of 20°C/min. Furnace sintering is a crucial step when attempting to manufacture high density 

advanced ceramic parts. TGA of a DIW green sample, provided in Supporting Information, revealed that 

organics (PEI and Pluronic) were completely removed from green parts at 500°C (SI-1); this temperature 

was thus chosen for the debinding step.  

Binder burnout was carried out by carbonising green parts in an oven (Carbolite Gero Ltd, UK) at 500°C 

in argon atmosphere using heating and cooling rates of 20°C per hour. Samples were then sintered in a 

high-temperature vacuum furnace (Carbolite Gero Ltd, UK) under argon gas using a 300°C/h heating rate 

up to 2275°C with a 1 h hold at Tmax, followed by a natural cool down to Tambient. 
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2.2.4. Post-printing characterisation and testing 

2.2.4.1. Dimensions, mass, and density of 3D printed specimens 

Geometric measurements of green and sintered 3D printed samples were made using a digital calliper 

(±0.002 mm). Dimensions of each sample in X, Y, and Z were averaged out of three locations in each 

direction. The mass of each sample was measured on a Mettler Toledo XS104 analytical balance. The 

density of the sintered ceramic specimens was measured by water immersion according to Archimedes’ 

principle described in ASTM Standard B311–13 [54]. The theoretical density was calculated according to 

the rule of mixtures taking into account the amount of different sintering additives present in each sample. 

2.2.4.2. Micro computed tomography (µCT) scanning 

X-ray micro computed tomography (µCT) scanning was conducted on a Bruker SkyScan 1172 

instrument. Three samples with approximate dimensions 10 x 10 x 5 mm3 were imaged using a medium 

camera (2000 pixels) and the following parameters: 54 – 60 kV voltage, 7 W power, 8 frame averaging, and 

10 random movements with 11.89 μm resolution. Subsequent analysis was conducted using the associated 

software (NRecon, Dataviewer, CTAn, CTVox). Images were produced based on the pre-set colour scheme 

labelled ‘ammonite’.  

2.2.4.3. X-ray diffraction (XRD) 

XRD analysis was performed in order to assess which phases were present in as-printed green samples 

and in final sintered specimens. XRD was performed on a D8 Advance diffractometer (Bruker 

Corporation, USA) equipped with the DIFFRAC.SUITE EVA software for data treatment and analysis. 

Measurements consisted of 5 min-long scans carried out on rotating samples using a Bragg-Brentano / 

Divergent Beam with 10 – 80 in 2θ range, 0.02° step size, and 0.1 s at each data point. 

2.2.4.4. Surface roughness 

The surface roughness of two 10 x 10 x 4 mm3 sintered rectangular cuboids that were printed with the 

584 and 406 µm diameter nozzles, respectively, was measured using a stylus surface profilometer (Form 

Talysurf Intra, Ametek Taylor Hobson Ltd, USA) equipped with a surface analysis software 

(MountainsMap, Digital Surf, France). Measurements were taken on the top, bottom and lateral surfaces 

of samples along a 5 mm-long straight line on each surface. The surface form was extracted from the 

original profile using a Gaussian filter with a 0.8 cut-off. 
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2.2.4.5. Vickers hardness 

The top surface of the sintered B4C specimens was subjected to grinding using successively finer 

grinding discs (from 400 grit to 1200 grit) followed by polishing using a diamond paste. The hardness of 

sintered specimens was measured by way of a Vickers hardness indentation technique on a Wilson® 

VH3100 (Buehler, USA) equipped with a pyramidal diamond tip. Indentation tests were performed on 

ground and polished sample surfaces under a load of 1 kgf (9.8 N) with a dwell time of 10 s, as per ASTM 

standard C132715 [55]. 

 

3. RESULTS 

3.1. Paste formulation, rheological behaviour and printing outcome  

3.1.1. Ceramic powder loading 

Several slurry formulations were prepared with increasing ceramic powder loading from 46 to 49 vol%, 

while keeping a constant Pluronic concentration of 10 wt% relative to the mass of water in slurry. As 

expected, the viscosity of slurries increased with increasing solids loading, and all formulations exhibited 

a pseudoplastic behaviour (Figure 1). It can also be noticed on the storage modulus curves that the slow 

two-step decrease of E’ displayed by the 46 vol% paste was progressively mitigated as the solids loading 

was increased up to 49 vol% B4C, which displayed a much sharper drop of E’ and therefore a faster 

transition from elastic to viscous behaviour. Furthermore, it can also be noted that both the storage 

modulus and the yield point (the value of the shear stress at the limit of the linear viscoelastic region) 

increased with increasing solids loading. 
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Figure 1: Rheological properties of B4C pastes of various ceramic powder loadings, showing an increase in 

viscosity, storage modulus and yield stress as the solids loading is increased. 

 

B4C pastes could be divided into two groups with regards to the direct influence of rheological 

properties on DIW behaviour. On the one hand, the 46 and 47 vol% B4C slurries with 10 wt% Pluronic 

could not be processed at all using DIW because of their rheological behaviour. Indeed, although these 

slurries could be extruded initially, they would keep on dripping out of the extruding orifice even as the 

printing process was paused. This was caused by their low yield stress as well as by their apparent two-

step decrease in storage modulus (Figure 1) pointing to a lack of a clear yield stress value separating the 

elastic and viscous domains. Second, struts deposited onto the substrate were not able to hold the intended 

shape due to low stiffness (E’ value) and low viscosity.  On the other hand, the 48 and 49 vol% pastes 

could be extruded in a controlled fashion due to their higher yield stress and storage modulus, although 

extruded struts were not stiff enough nor did they harden quickly enough to enable the layerwise 

production of monolithic 3D structures. Moreover, nozzle clogging was experienced with all of these 

slurries as soon as the DIW process was paused or stopped for any reason. It was then not possible to carry 

out any further printing due to drying inside the extruding tip, thus preventing material extrusion even 

as the pressure inside the syringe was brought up to the maximum syringe pressure of the DIW apparatus.  
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3.1.2. Pluronic concentration 

Following the study of the effect of solids loading on the rheology and DIW behaviour of B4C pastes, 

the influence of binder concentration was then investigated. Several slurries of identical starting 

composition were prepared – 45 vol% B4C powder grade F1500 with 8 wt%/B4C of carbon black additive 

and 2.8 wt%/B4C of PEI dispersant –and the concentration of Pluronic was varied. The oscillatory stress 

amplitude sweep response of these slurries is presented in Figure 2. First, while pastes containing both 15 

and 17 wt% Pluronic had a similar starting value of storage modulus as the slurry containing only 10 wt% 

Pluronic (~ 1,500 – 2,000 Pa), further increasing the Pluronic addition to 18 wt% resulted in a significantly 

stiffer paste with a higher storage modulus (~ 4,750 Pa). Moreover, the 10 wt% Pluronic slurry exhibited a 

two-step decrease of E’ that occurred over a wide range of applied stresses, while slurries containing 15–

18 wt% Pluronic exhibited a sharp drop of the storage modulus. This sharp and well-defined drop of E’ 

represents the ideal behaviour for selective extrusion as it means the structural integrity of the paste is lost 

and recovered almost immediately as the paste is subjected to a stress above and below the yield stress, 

respectively. Furthermore, similarly to the effect of increasing solids loading, higher Pluronic 

concentration also resulted in higher yield stress. 

Another common way to define the stress at which a paste starts to flow is called the flow point, which 

is defined as the crossover point where the loss modulus (E”) overcomes the storage modulus (E’). The 

loss modulus is also provided in Figure 2 for reference. 
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Figure 2: Oscillatory strain sweep response of 45 vol% B4C slurries containing various wt% of Pluronic.  

 

While previous slurries that contained 10 wt% Pluronic dried out prematurely at the nozzle tip, thus 

causing clogging, this issue was not experienced once the Pluronic concentration was increased to 15 wt%. 

Therefore, Pluronic not only acted as a viscosifier and stiffening agent, but it also performed the function 

of humectant. However, these slurries still experienced the same printing issues, namely extruding out of 

the nozzle uncontrollably even as the syringe pressure was turned off, as well as a lack of structural 

stiffness of deposited struts, due to their low storage modulus E’ < 10,000 Pa. Indeed, while the increase in 

Pluronic concentration to 18 wt% caused a significant increase in both stiffness and yield stress, these 

values remained relatively low, at approximately 4,700 Pa and 16 Pa, respectively, due to the low solids 

loading of the starting slurry (45 vol%). 

Thus, although overlapping struts could be deposited to produce small 3D monolithic structures, 

ceramic layers deposited using these formulations were subjected to significant deformation during 

printing and had very slow drying kinetics due to their large water content and low binder concentration. 

In particular, because of the low stiffness of deposited struts, the layer being printed (L) would not have 
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enough support from the previous layer (L-1), resulting in merging of the layers and deformation of the 

structure as the extruding tip dragged previous layers with it (Figure 3.a).   

 

 

Figure 3: Two-layer monoliths produced by DIW of a 45 vol% B4C slurry with 18 wt% Pluronic through a 

584 μm orifice experienced deformation and slumping due to the low viscosity of the paste (a). Paste deposition 

was shifted compared to its intended location due to a lack of bonding with the previous layer when depositing a 

stiff [48 vol% B4C / 17 wt% Pluronic] paste at high travel speeds (b). 

 

3.1.3. Optimising paste formulation for successful DIW operation 

In order to yield more viscous pastes with a higher storage modulus and a higher yield stress, while 

containing enough binder to prevent premature slurry drying and nozzle clogging, a combination of 

increased solids loading > 46 vol% with a Pluronic concentration of at least 15 wt% was required. 

In order to narrow down the number of paste formulations suitable for DIW operation, various pastes 

with solids loading ranging from 46 vol% to 50 vol% and with a Pluronic concentration between 15 wt% 

and 21 wt% were prepared; their printing behaviour was assessed and the rheological properties of pastes 

that could be processed successfully by DIW were then characterised.  

First, all the pastes that contained more than 17 wt% Pluronic relative to liquids were too viscous and 

too stiff to be extruded, independently of their solids loading. The suitable range of Pluronic concentration 

was thus narrowed down to 15 – 17 wt%. Second, all the 50 vol% pastes were also too viscous to be 

extruded independently of their Pluronic concentration. The suitable range of solids loading was thus 

narrowed down to 47 – 49 vol%. All other formulations containing a ceramic powder content of 

47 – 49 vol% and a Pluronic concentration of 15 – 17 wt% could be extruded on-demand without suffering 

from nozzle clogging and were therefore used to produce 3D monoliths. Identical Pluronic concentration 

levels were found to have the same effect on paste viscosity and extrudability irrespective of powder mix. 

Figure 4 shows that the rheological properties of 47 vol% and 48 vol% B4C pastes were significantly 

modified by increasing their Pluronic concentration from 10 wt% to 15 -17 wt%, resulting in higher values 
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of viscosity, storage modulus and yield stress. Although both the [47 vol% B4C / 15 wt% Pluronic] and the 

[48 vol% B4C / 17 wt% Pluronic] pastes could be processed by DIW to manufacture small monoliths, their 

printing behaviour was far from identical. Thus, printing parameters had to be continuously adjusted and 

optimised for each feedstock formulation in order to account for their respective rheological properties. A 

high stiffness was desirable for struts to solidify and retain their shape upon deposition in order to avoid 

structural slumping and provide a solid support for subsequent layers. However, pastes of high stiffness 

required lower deposition speeds to form a continuous strut and to achieve inter-layer bonding, especially 

in locations where the extrusion orifice would change direction. Indeed, a printing defect in the form of a 

void or disconnected strut commonly occurred when depositing stiff pastes at high travel speeds, as 

evidenced in Figure 3.b, where the paste was dragged by the nozzle when it changed direction to print a 

new line. This defect was easily addressed by decreasing the travel speed of the nozzle to allow for the 

paste to bond to the previous layer before initiating a change of direction. 

The [47 vol% B4C / 15 wt% Pluronic] and [49 vol% B4C / 10 wt% Pluronic] pastes had a very similar 

storage modulus curve, although the former paste had a higher viscosity at low shear rates. 

 

 

Figure 4: Storage modulus and viscosity plots showing the combined effects of varying ceramic powder loading and 

Pluronic concentration on the rheological properties of aqueous B4C pastes. 
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The rheological behaviour of four different pastes formulated from a starting paste of given ceramic 

loading (49:51 B4C/water v/v) with increasing Pluronic binder concentration is reported in Figure 5. These 

four pastes were selected to broadly represent the four possible scenarios that occurred during DIW 

operation. 

The first paste (F1) represented the typical starting paste formulation before addition of the Pluronic 

binder. These ceramic pastes, not yet optimised for extrusion, were characterised by a much lower 

viscosity (~15 Pa s at 10 s- 1), a significantly lower storage modulus (< 10,000 Pa), and a considerably lower 

yield stress (~ 3 Pa) than pastes containing Pluronic. This type of paste was too fluid at both low and high 

shear rates to be selectively extruded, and led to complete clogging of the extruding orifice. 

The second paste (F2) had Pluronic added to a concentration of 12 wt% relative to the mass of water, 

which was below the ideal Pluronic concentration range defined previously (15–17 wt%). At this 

concentration, however, the paste had a higher storage modulus (~28,000 Pa) and higher yield stress 

(~43 Pa) that enabled selective extrusion at low syringe pressures of 15 – 20 psi (100 – 140 kPa) and high 

travel speed (> 5 mm/s). These pastes experienced high merging of individual struts but also significant 

slumping upon deposition due to slow drying kinetics. These characteristics made them unsuited to build 

small structures. Indeed, as there was a short time between successive passes of the nozzle at any given 

point, there was not enough time for previous layers to stiffen and provide a solid support. On the other 

hand, this paste was relatively suited to producing higher aspect ratio structures such as beams, since 

enough time would elapse between successive nozzle passes for the deposited paste to dry out and stiffen. 

However, this paste resulted in significant drying cracks during deposition and was prone to drying at 

the nozzle tip due to its low Pluronic concentration, resulting in nozzle clogging. 

The third paste formulation (F3) had a higher Pluronic concentration of 15 wt% relative to the mass of 

water, which resulted in an increase of the storage modulus by 100% to ~58,000 Pa and of the yield stress 

by 50% to 64 Pa. This paste could be successfully deposited selectively using higher syringe pressures of 

50 – 60 psi (350 – 420 kPa) and at lower travel speeds (4 – 5 mm/s) than the previous paste. 

Finally, the last paste (F4) represented the rheological behaviour of high solids loading pastes with 

excessive Pluronic concentration (21 wt%) that resulted in a high stiffness > 100,000 Pa, which in and of 

itself could be considered ideal for shape retention upon deposition. However, with a yield stress of almost 

600 Pa, this paste could not be extruded. An ideal paste for DIW operation would therefore have 

characteristics somewhat in between that of the last two pastes, with a yield stress of ~100 Pa similar to 

that of F3 and a storage modulus above 100,000 Pa similar to that of F4; these properties correspond to the 

paste formulation [48 vol% B4C / 17 wt% Pluronic]. 
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An overview of the main characteristics of the B4C paste formulations of various solids loading and 

Pluronic concentration that were investigated for DIW is presented in Table 3. 

 

 

Figure 5: Rheological behaviour of 49 vol% B4C pastes with various Pluronic concentrations: 0 wt% (F1), 12 wt% 

(F2), 15 wt% (F3), and 21 wt% (F4).  

 

Table 2: Combined impact of solids loading and Pluronic concentration on the main rheological characteristics of 

B4C pastes for DIW. Pastes that could be successfully extruded and shaped are highlighted in bold. 

Solids 

loading 

Pluronic 

conc. 

Elastic 

plateau 

Yield 

stress 

Viscosity 

at 0.1 s-1  

[vol%] [wt%] [kPa] [Pa] [kPa s] 

46 10 3.7 1 0.47 

47 10 6 4 1 

47 15 19 40 4.4 

48 10 23 10 1.06 

48 17 120 100 6.3 

49 0 6 3 0.29 

49 10 25 37 1.5 

49 12 28 50 1.45 

49 15 58 64 10 

49 21 140 570 20 
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3.2. DIW printing parameters and printing outcome 

3.2.1. Extrusion pressure 

The extrusion pressure was the first parameter that needed to be modified and adjusted when 

attempting to process a new paste by DIW. First, the minimum pressure Pmin that enabled to overcome the 

yield stress of ceramic pastes and induce flow out of the extrusion orifice had to be identified. Pmin 

increased with increasing solids loading and binder concentration as both variables resulted in higher 

yield stress (Figure 4). The suitable range of extrusion pressure for a given paste was therefore any 

pressure P so that Pmin ≤ P ≤ Pmax, where Pmax was the maximum pressure that could be exerted onto the 

syringe barrel. Then, as the pressure was varied within that range, the printing speed had to be optimised 

accordingly so that a good match between pressure and speed was obtained in order to consistently 

produce struts of appropriate width and height for 3D shaping.  

3.2.2. Optimising deposition speed 

Deposition speed – namely the linear travel speed of the extrusion nozzle in the X-Y plane and in the Z 

direction – had a significant influence on the printing outcome. The optimisation of deposition speed went 

hand-in-hand with that of pressure in order to avoid both “under-pumping”, namely the situation where 

a strut of reduced diameter dstrut < dorifice is produced due to the deposition speed being too fast for the rate 

of extrusion of the paste. “Over-pumping” is the opposite situation where dstrut > dorifice because the travel 

speed is too low for the extrusion pressure. Therefore, for a paste of given minimum extrusion pressure 

Pmin corresponded an ideal printing speed Smin; the printing speed had to be increased as the pressure was 

increased towards Pmax, in order to prevent both under- and over-pumping. 

Figure 6 shows an example of how a small modification of printing speed, while keeping other 

variables constant, would result in a vastly different outcome. Specimens printed using the 584 μm nozzle 

lost in structural integrity as the speed was increased from 5.75 mm/s to 7.5 mm/s, with the formation of 

gaps between deposited lines due to under-pumping (B1) and with poor shape retention and significant 

slumping at the edges (B2).  
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Figure 6: 10-layer 10×10 mm2 monoliths produced by DIW using a 584 μm orifice diameter, 440 μm layer 

thickness, 40 psi (280 kPa) syringe pressure, and a deposition speed of 5.75 mm/s (A1, A2) or 7.5 mm/s (B1, B2). 

 

The typical process for optimising travel speed so as to obtain the best possible printing outcome is 

detailed in Table 3. A 10-layer monolithic shape was produced from a paste of given formulation using 

set values of orifice diameter, layer height and syringe pressure, while iteratively adjusting the transverse 

speed of the printing nozzle according to visual observation and qualitative assessment of the printing 

outcome. This iterative process enabled identification of the printing speed that gave the best match 

between printing speed and extrusion pressure and would produce a pore-free structure with dimensions 

as close as possible to the digital model without creating printing defects. 
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Table 3: Optimisation process of printing speed to obtain the best possible outcome with all other printing 

variables kept constant (intended geometry was 10 × 10 × 4 mm3). 

 

3.2.3. Printing orifice diameter 

The diameter of the printing orifice had a significant influence on the selection of suitable printing 

parameters, as well as on the appearance of printed parts, in particular shape retention, resolution and 

surface roughness. The following nozzle diameters were investigated: 584, 406, and 203 µm. 

Geometrical accuracy, shape retention and resolution were greatly affected by the diameter of the 

extrusion orifice. When printing with the larger nozzle (584 μm), internal forces were caused by slumping 

and increasing sample deformation with layer count, because struts did not dry fast enough due to the 

high volume-to-surface ratio, resulting in the surface of struts drying out while a large volume of paste 

remained wet at the core. This issue was largely improved by using a finer extruding tip (406 μm), which 

enabled the production of finer struts of not only lower weight but also reduced volume-to-surface ratio, 

leading to stiffer lightweight struts that dried out quicker, ultimately resulting in less structural slumping. 
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Figure 7 shows the best outcome that was achieved when printing with the 584 and 406 μm tip diameters, 

respectively. In particular, much less material slumping and sharper vertical edges were observed with 

the 406 μm orifice, which combined with the higher resolution provided by the finer extrusion nozzle 

resulted in much flatter top and side surfaces and overall better shape retention. 

 

 

Figure 7: B4C green parts produced using the 584 μm (A0) and 406 μm (B0) extrusion orifices; better resolution 

and shape retention were achieved with the finer extrusion nozzle. Side view (A1, B1) and top view (A2, B2). 

Printing parameters: 47 vol% B4C paste, 80 psi (550 kPa) syringe pressure, 4 mm/s deposition speed, and 440 μm 

layer height (A); and 47 vol%, 30 psi (200 kPa), 4 mm/s, and 260 μm, respectively (B). 

 

3.3. Macro- and micro-porosity 

Despite their fully-dense appearance (Figure 7), most monolithic samples were characterised by the 

formation of macro- and/or micro-pores that originated from the bottom surface, as shown in Figure 8. 

This porosity was caused by trapped solvent due to slow solvent drying kinetics that resulted in material 

displacement as layers were deposited one on top of the other. This was found to be influenced by 

feedstock composition, size of the extrusion orifice, and substrate morphology. 

3.3.1. Feedstock composition and size of the extrusion orifice 

The smaller nozzle was found to result in much lower porosity and reduced pore size at the bottom 

surface, as evidenced in Figure 8, showing parts produced using the 584 µm nozzle (A and B) compared 

to parts made with the 406 µm nozzle (C and D). 
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Paste formulation also had a significant effect on the extent of porosity formed at the bottom surface of 

printed components. Indeed, significantly bigger pores were formed when shaping a paste with 46 vol% 

B4C (A and C) compared to a 48 vol% formulation (B and D). Furthermore, the size of drying cracks was 

also significantly reduced when using the higher loading paste in the case of printing with the 584 µm 

nozzle (A compared to B), while drying cracks were completely eliminated when using the smaller nozzle 

(C compared to D). 

 

 

Figure 8: Bottom surface of multi-layer B4C monoliths manufactured by DIW using an extruding tip diameter of 

584 µm (A, B) and 406 µm (C, D), when shaping a 46 vol% (A, C) or a 48 vol% (B, D) paste (of identical 

Pluronic concentration). 

 

CT scanning provided valuable information on the internal structure of multi-layer printed samples, in 

particular with regards to the level of internal porosity. Indeed, while some samples seemed to exhibit a 

near fully dense and defect-free structure upon external inspection, very large voids and significant 

cracking could in fact be observed internally, as evidenced in Figure 9. This issue occurred in most 

specimens due to the lack of evaporation pathways for the solvent at the centre of printed structures 

leading to mass transports from the centre as water travelled through samples towards the surface as it 

dried. Nonetheless, this issue could be significantly minimised by optimising the materials and printing 

parameters. One way this could be fully avoided would be by stopping the print after each layer to give 

enough time for each layer to dry out and solidify before depositing the subsequent layer; however, this 

solution is obviously not viable as it would result in considerably longer printing times. 
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Figure 9: µCT scan of a 10×10×4 mm3 monolithic B4C sample in the green (G) and sintered (S) states produced 

from a 46 vol% paste using a 406 µm diameter nozzle, showing how an apparent monolith from external 

observation (G1, S1) may have developed extensive internal macro-cracking (G2, S2) caused by large internal 

porosity (G3, S3, G4). 

 

3.3.2. Printing substrates 

Another route that was investigated to improve the density of monoliths involved depositing ceramic 

pastes onto various substrates that could physically interact with the solvent and affect its evaporation 

rate in various ways. Thus, four different printing substrates were investigated in an attempt to mitigate 

the critical porosity observed in Figure 8.Figure 10: DIW of B4C pastes was carried out onto a variety of 

substrates: fully-dense, smooth glass slide (A), dense, smooth silicate ceramic (B), fully dense, rough 

alumina bar (C), and 50% porous, smooth boron carbide puck (D). A picture of the printing process onto 

each substrate is provided in Figure 10, along with the main physical characteristics of these four 

substrates. All the substrates were sprayed with a thin layer of PTFE coating before DIW operation. 

DIW prints were initially all produced onto smooth borosilicate glass slides (Figure 10.A). Printing onto 

a near dense silicate ceramic plate (Figure 10.B) resulted in the same outcome as the glass slide, namely 
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dense monoliths in appearance (Figure 11.A) that were affected by the formation of macro porosity 

originating at the centre of the bottom surface due to the lack of evaporation pathway for the solvent. 

However, printed parts were more easily removed from this substrate than from glass slides. 

A rough alumina grinding bar (Figure 10.C) resulted in the same printing defects. However, the high 

surface roughness of alumina bars caused two additional issues. First, it was more difficult to remove 

printed parts from this substrate because the high surface roughness provided more physical anchoring 

points for bonding. Secondly, since the roughness of the bottom surface of printed parts is a function of 

the surface roughness of the substrate, these specimens were significantly more rough than that of parts 

deposited onto the previous two smooth surfaces. 

A 50% porous green B4C puck made by gelcasting (Figure 10.D) was also used as printing substrate, 

which led to completely different drying behaviour and printing outcome compared to previous 

substrates. The drying rate – recorded by visual observation – of 10×10 mm2 square single layers printed 

onto this 50% porous substrate was compared to that of identical layers deposited onto dense substrates. 

On average, layers dried out completely in 6’57” ± 23” on glass slides, while it took 6’11” ± 18” on the 

dense silicate ceramic substrate. On the other hand, it took only 4’08” ± 09” for layers to dry on the porous 

B4C substrate. The solvent was likely wicked out of the sample through pores in the substrate when using 

the 50% porous substrate, which accelerated drying. However, this highly accelerated drying rate on the 

porous B4C substrate – on average 40% faster than onto glass slides – also resulted in an aggressive and 

almost immediate warping up of deposited ceramic layers as they were drying, as evidenced in Figure 

11.B, making this substrate unsuitable for part manufacturing. The dense silicate ceramic substrate also 

resulted in a slightly accelerated drying rate compared to glass slides – 11% faster on average – without 

causing any warping of parts; however, the formation of pores at the bottom surface of printed parts still 

occurred. 
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Figure 10: DIW of B4C pastes was carried out onto a variety of substrates: fully-dense, smooth glass slide (A), 

dense, smooth silicate ceramic (B), fully dense, rough alumina bar (C), and 50% porous, smooth boron carbide puck 

(D). 

 

 

 

Figure 11: Close-up of a 10×10×4 mm3 B4C monolith printed onto a dense silicate ceramic substrate (A). B4C layers 

deposited onto a 50% porous B4C puck experienced aggressive warping upon drying out due to solvent wicking 

into the pores in the substrate (B). 

 

3.4. Sintering, density and microstructure 

Figure 12.A displays, side by side, a green and a sintered part manufactured from the same 3D model, 

showing the reduction in size and change of appearance of B4C parts after firing. On average, monolithic 

sintered specimens shrank laterally and vertically by ~16 ± 1 %, 15 ± 1 %, and ~20 ± 1 % in the X, Y, and Z 

direction, respectively. The average volumetric sintering shrinkage was 43 %. 

A photograph of the bottom surface of the sintered sample is also shown in Figure 12.B, highlighting 

the apparent high density of the part although 4 macro-cracks were clearly visible near the centre of the 
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surface. These cracks were formed during the pressureless sintering step and originated from internal 

porosity located just above the bottom layer formed during drying after deposition due to solvent removal 

issues. Printing lines were also clearly visible on the surface. 

 

 

Figure 12: B4C samples in the green state (left) and after pressureless sintering (right) (A). Printing lines were 

visible on the bottom surface of sintered samples and cracks, highlighted by the orange ovals, could be observed near 

the centre of the surface (B). 

 

As shown in Figure 13, Figure 13: SEM images of the internal structure of a sintered B4C beam 

fabricated from a paste formulation without C sintering aid, showing regularly spaced macro-pores 

between struts and a very high level of residual micro-porosity.internal macro-porosity also occurred in 

the form of a three-dimensional array of inter-strut pores, about 200 μm wide, likely caused by excessive 

contraction of deposited filaments upon drying and by poor inter-strut bonding. 

Figure 14.a-b show photographs of a DIW monolithic beam before and after furnace sintering, 

respectively; the beam was fabricated using the optimised paste formulation [47 vol% B4C, 17 wt% 

Pluronic] with 8 wt% carbon black relative to B4C. The same 3D array of macro-pores occurred in these 

beams, as shown in Figure 14.c, although pores were significantly smaller (~100 μm). Nevertheless, carbon 

sintering aids greatly improved the density of B4C specimens, as observed when comparing the SEM 

images of fracture surfaces: the former was characterised by a very high level of residual microporosity 

(Figure 13) whereas the latter had a near-fully dense microstructure (Figure 14.d-g). This demonstrated 

again that optimising paste formulation was extremely important not only to enable the printing process 

itself but also to obtain dense monoliths.  
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Figure 13: SEM images of the internal structure of a sintered B4C beam fabricated from a paste formulation 

without C sintering aid, showing regularly spaced macro-pores between struts and a very high level of residual 

micro-porosity. 

   

 

Figure 14: B4C beam before (a) and after (b) sintering manufactured using a 406 μm nozzle from a paste 

formulation containing 8 wt% carbon black relative to B4C. Internal porosity occurred in the form of a three 

dimensional array of 100 – 200 μm-wide inter-strut pores (c), although the rest of the structure appeared to be 

fully-dense (d). Top view of the beam showing three layers printed in a 0/90° orientation (e); although printing 

lines were visible at the macro-scale (f) there was no obvious interface between grains at the micro-scale (g). 
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3.6. Surface roughness 

The surface roughness of sintered specimens that were made using 584 μm and 406 μm extrusion nozzles 

was first observed using an SEM. Figure 15 shows that clear printing lines were visible at the surface. 

Struts deposited using the 584 μm nozzle were approximately 550 μm wide while printing lines from the 

406 μm orifice were ~330 μm wide. 

 

 

Figure 15: Top surface of multi-layer monolithic B4C samples printed using the 584 μm (a) and 406 μm (b) 

extrusion nozzles. 

 

Surface roughness was measured by line-scan profilometry after furnace sintering and examples of 

surface profile line-scans of 10-layer specimens are provided in Figure 16. Measurements were taken 

perpendicularly to individual printing lines, on the top, side and bottom surfaces of a sample produced 

using the 406 μm tip, and at the top surface of a sample made with the 584 μm orifice. The roughness of 

the side surface of the latter sample could not be recorded as the high slumping occurring upon paste 

deposition during DIW fabrication resulted in a distorted surface. Moreover, as discussed earlier, the 

bottom surface of all samples made with the 584 μm orifice were characterised by macro-pores that in 

some instances covered almost the entire bottom surface (Figure 8), making any surface roughness 

measurement meaningless. A summary table of the values of Ra and RMS roughness parameters that were 

obtained is provided in Supporting Information. The surface roughness of the top surface was 

significantly lower when reducing the diameter of the extrusion nozzle, with a Ra of 13.9 ± 0.7 μm for the 

584 μm nozzle while it was reduced by 75% to 3.5 ± 0.2 μm when using the 406 μm orifice diameter. The 

surface roughness of the vertical side surface was twice as high as that of the horizontal top surface, with 
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a Ra of 7.4 ± 1.2 μm, while the bottom surface was much smoother, with a Ra of only 0.9 ± 0.3 μm, matching 

the roughness of the smooth glass slides that served as DIW substrate. 

 

 

Figure 16: Surface profile of the top surface of a B4C sample produced with the 584 µm nozzle, and of the top, side 

and bottom surfaces of a specimen made using the 406 µm orifice. 
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3.7. XRD  

Figure 17 shows XRD scans of B4C samples in both the green and sintered states, which provided a 

useful confirmation of the phases present at each stage of the manufacturing process. The characteristic 

peaks of the B4C and the carbon phases (8 wt% carbon black additive relative to B4C) are clearly identified 

on each graph. Furthermore, a peak at 19.2° on the XRD of the green sample, which could not be 

recognised by the analysis software, was identified as Pluronic F-127 by doing a separate XRD scan of raw 

Pluronic powder (SI-3). XRD of the sintered B4C specimen confirmed the complete removal of Pluronic 

after heat treatments. The presence of free carbon in sintered boron carbide specimens suggests that the 

carbon black concentration of 8 wt% relative to B4C was likely slightly too high, as not all the carbon 

reacted with the B2O3 present as a surface coating on B4C particles. This was confirmed by the XRD scan 

of a C-free sintered specimen that did not display the characteristic peaks of carbon (SI-4). While on the 

one hand an excess of carbon may be detrimental to the mechanical properties of sintered B4C, it does on 

the other hand promote diffusion during pressureless sintering by lowering significantly the melting point 

of B4C at the grain boundaries and it also inhibits grain growth [56][2]. 
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Figure 17: XRD scan of a B4C sample in the green state with that of Pluronic F-127 underneath (A) and XRD of 

the same B4C specimen after furnace sintering (B). 

 

3.8. Vickers hardness 

Vickers hardness measurements were carried out on the top surface of ground and polished monolithic 

4-layer-thick samples fabricated using various paste formulations and printing parameters as detailed in 

Table 4. Results are displayed in Figure 18. 
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Table 4: Materials and printing characteristics of hardness samples. 

Sample 

name 

Paste 

formulation 
B4C powder 

Carbon 

black 

(wt%) 

GNPs 

(wt%) 

Extrusion 

orifice 

diameter (μm) 

S1 P1 F1500 0 0 406 

S2 P2 F1500 8 0 584 

S3 P2 F1500 8 0 406 

S4 P3 F1500 / F3000 8 0 406 

S5 P4 F1500 / F3000 8 1.5 406 

 

The lowest density and hardness values of 90.7 ± 1.1 %TD and 14.6 ± 2.1 GPa, respectively, were 

obtained for carbon-free specimens printed using a 406 μm extrusion orifice diameter. Significantly higher 

densities and hardness values were obtained when carbon additives were added to the formulation. 

Indeed, sample S2 had an average density of 94.2 ± 1.2 %TD and a Vickers hardness of 26.9 ± 1.2 GPa. 

Sample S3, which was built using a 406 μm orifice whereas S2 was manufactured using a 584 μm nozzle, 

had a density of 96.9 ± 0.7 %TD and an average hardness of 29.5 ± 0.8 GPa, representing a ~3% increase in 

density and a ~10% higher average hardness. Finally, the density and hardness of samples S4 and S5 were 

on par with that of S3 – within the margins of error. Therefore, as far as density and hardness were 

concerned, the 7:3 wt/wt mix of B4C powder grades F1500/F3000 did not provide additional benefits over 

using the F1500 powder alone, nor did the addition of 1.5 wt% C-750 graphene nano-platelets.  

 

Figure 18: Density and Vickers hardness of B4C specimens made by DIW. 
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4. DISCUSSION 

A relatively wide range of paste formulations with various ceramic powder loadings and Pluronic 

concentrations could be successfully extruded and shaped. Since each formulation resulted in its own set 

of rheological properties, in particular viscosity, elastic modulus and yield stress, printing parameters 

needed to be continuously adapted to accommodate the rheology of each paste. The pastes and printing 

parameters development and optimised in this work can be used as a good starting point by researchers 

or manufacturers that want to use DIW to manufacture boron carbide parts. However, it is highly 

recommended to always carry out rheological measurements of their pastes first and consider the specific 

requirements of their own printing platforms.  

In most cases, critical macro-pore formation and macro-cracking occurred at the bottom surface of 

samples counting more than 3-4 layers due to the lack of evaporation pathways for the solvent underneath 

the sample when printing onto fully dense substrates. Significant improvements were obtained by using 

the smaller nozzle (406 μm rather than 584 μm diameter) as well as by using pastes of higher solids 

content. A trade-off needed to be reached between paste stiffness, for shape retention and structural 

integrity upon deposition, and paste fluidity. Small monolithic shapes benefited from using stiffer pastes 

with a quick drying rate to enable multiple passes over a given point in a short time interval without 

slumping of the printed structure. On the other hand, longer-aspect-ratio monoliths such as beams were 

less impacted by low paste stiffness due to the longer time elapsed between successive passes of the nozzle 

at a given point, which allowed enough time for struts to dry and harden. 

This work investigated the use of various printing substrates with different materials, roughness and 

densities to control the drying rate of printed structures and avoid differential drying between the centre 

and the surface of monoliths. Another possible route that could be investigated would be heating up the 

print during deposition either a bottom-up (substrate heating) or a top-down (blown air, heat lamp) 

approach. However, the highly porous printing substrate showed that excessively fast drying rates caused 

severe warping and cracking during deposition; high drying temperatures would likely result in the same 

outcome. Nevertheless, future studies could investigate the influence of temperature and humidity on 

drying rates and cracking both during DIW and during post-DIW drying. 

A smaller extrusion orifice diameter of 203 μm was also tested to improve the resolution of the printing 

process and to increase the surface-to-volume ratio of extruded struts to obtain faster drying kinetics for 

improved build strength. However, none of the tested formulations could be successfully extruded 

without defects when using this small orifice, mostly due to due to rapid nozzle clogging. Although higher 
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applied syringe pressures may have enabled extruding the pastes through the smaller nozzle, this would 

not have solved the main issues related to excessively fast drying and warping of struts upon extrusion. 

Further feedstock optimisation is therefore required to enable high-resolution DIW of B4C pastes. A simple 

first step would be to ensure that particle agglomerates are completely broken up by applying an 

appropriate slurry milling step before Pluronic addition [57]. It has been suggested that the use of biphasic 

mixtures instead of colloidal gels could facilitate the use of smaller nozzle orifices to print even finer micro 

features [58]. Instead of extruding in air, deposition can also be carried out into an oil bath, which has been 

shown to enable the generation of filaments with diameters under 100 μm [59][38]. 

Densities that were obtained compared well with the literature on boron carbide manufactured by 

DIW; a density of ~90% TD was obtained for specimens without sintering aid, which is similar to that 

obtained by Eqtesadi et al. [46]. Significantly higher sintered densities were obtained after adding carbon 

black sintering aids, bringing the densities up between 94 and 97% TD depending on paste formulation 

and diameter of the extrusion nozzle. These densities were similar to that obtained by Eqtesadi et al. after 

CIP and SPS at 2100°C. Higher densities could be obtained in the current study even without CIP due to 

the fact that optimised amounts of carbon sintering aid were used and that firing was performed at 2275°C, 

which are both highly favourable to B4C densification.  However, it should be noted that these densities 

were obtained only with few-layer samples. Samples that counted more than 4 layers were characterised 

either by significant macro- and micro-porosity when using non-optimised printing parameters (Figure 

9), or, when using optimised materials and printing parameters, by a dense microstructure but with the 

formation of a regular 3D array of inter-strut pores (Figure 14). The sintered density of 10-layer monoliths 

printed using the 406 μm extrusion orifice from optimised paste formulations was ~87% TD, which was 

higher than that obtained by Costakis et al. (82% TD) [45], due to a very high green density of ~58% TD. 

As expected, the Vickers hardness of B4C components increased as density increased and is comparable 

to that of pressureless B4C specimens reported in the literature [60][8], although it remained lower than 

HV values reported for uniaxial pressure-assisted spark plasma sintered B4C [3][61]. 

Furthermore, the 1.5 wt% GNPs addition had seemingly no effect on neither density nor hardness, 

which could be due to the fact that GNPs may dissolve in B4C at high sintering temperatures to form a 

solid solution, essentially reducing the function of GNPs to that of sintering aids rather than structural 

additives. It is also arguably unclear whether XG Sciences’ grade C GNPs truly are graphene nanoplatelets. 

Indeed, true GNPs were recently defined as being 10 graphene layers or less [62] but a recent article 

showed that most GNPs commercially available worldwide would be better defined as nano-graphite 

platelets [63]. We would expect the number of graphene layers in GNPs and their oxygen content to be 
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the most influential parameters during B4C sintering. Indeed, just like the B2O3 layer on B4C particles reacts 

with free carbon during sintering to form B4C and CO gas, thus enabling sintering to start at ~1350°C [64], 

it can be expected that the oxygen in GNPs would react with free carbon to form CO and CO2 gas, which 

could be parasitic to the initial sintering of B4C. Therefore, further research and more in-depth material 

characterisation would be required to better understand the interactions of graphene platelets with B4C 

during high temperature sintering.  

Finally, the surface roughness of DIW specimens was also greatly improved by using a smaller 

extrusion orifice; not only using the smaller nozzle led to a 75% decrease of the surface roughness of top 

surfaces, it also led to significant improvements in shape retention and decreased slumping at the edges, 

as shown in Figure 6 and Figure 16. An Ra of 3.5 ± 0.2 μm and 7.4 ± 1.2 μm for the top and side surface, 

respectively, was obtained using the 406 μm extrusion nozzle, compared to a top surface Ra of 13.5 ± 0.7 

μm with the 584 μm nozzle. This would be improved even further by using As a comparison, Ghazanfari 

et al. used the CODE extrusion process [65] to produce alumina components with a Ra of 5.2 µm and 

16.9 µm for the top and side surface of specimens with approximately 320 µm layer thickness, 

respectively, while specimens with approximately 80 µm layer thickness had the top and side surface Ra 

of 1.9 µm and 2.5 µm, respectively. Surface roughness values were also comparable to that of zirconia 

components produced using a commercial 3D printer based on inkjetting [66], which have a roughness of 

12.5 > Ra > 1.6 [67], but remain significantly higher than that of ceramics manufactured from lithography-

based AM. For instance, Al2O3 specimens manufactured using a commercial DLP technology had a 

roughness comparable to that of injection moulded parts, yielding a Ra of 1.08 μm perpendicular to 

individual printing layers and only 0.36 μm in the plane of an individual layer [68]. 

 

5. CONCLUSIONS 

Direct ink writing, an extrusion-based additive manufacturing technique, was investigated to produce 

near-net shaped monolithic boron carbide specimens by pressureless sintering. The effects of B4C solids 

loading and Pluronic F-127 binder concentration on the rheological properties and printing behaviour of 

aqueous pastes as well as on the final quality and properties of printed specimens were studied. An 

increase in ceramic powder loading and/or binder concentration led to an increase in the yield stress, 

viscosity, storage modulus, and overall shape retention. Reducing the size of the extrusion nozzle from 

584 μm to 406 μm led to significantly better shape retention, lower surface roughness, as well as higher 

density and hardness. A 203 μm printing orifice was also trialled but was unsuccessful due to faster drying 
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kinetics that occurred with smaller ceramic struts resulting in rapid warping and nozzle clogging. Carbon-

black acted as an effective sintering aid to increase both density and hardness, while a 1.5 wt% addition 

of graphene nanoplatelets had no effect. The porosity of the printing substrate had a great influence over 

the drying rate and warpage of printing specimens. Several paste formulations were found to be suitable 

to produce B4C monoliths by DIW, although printing issues and defects, such as nozzle clogging, cracks 

and pores were difficult to mitigate. Nevertheless, the [48 vol% B4C / 17 wt% Pluronic] paste formulation, 

shaped using a 406 μm extrusion orifice, resulted in high sintered densities and hardness values. SEM 

imaging and μCT scanning were used for the first time to provide insight into the internal meso- and 

microstructure of B4C components produced by DIW, showing that despite a defect-free external 

appearance and a fully dense internal microstructure, the formation of interstut porosity was difficult to 

prevent since a certain level of strut stiffness was required to prevent slumping and maintain high shape 

retention, whereas slumping is beneficial to strut merging. 

There are many avenues for future studies to build up on this work to further improve DIW of B4C, 

such as further optimising B4C pastes to increase strut merging without sacrificing shape retention; 

formulating a B4C paste that can be shaped using smaller extrusion nozzles (for instance 206 μm) to 

increase manufacturing resolution and decrease the size of printing defects; studying the fabrication of 

larger B4C monoliths; investigating the effects on density and cracking of temperature and humidity 

during deposition and drying; and expanding mechanical testing to include flexural strength, compressive 

strength and Weibull analysis. 
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SUPPORTING INFORMATION 

 

SI-1: TGA of a DIW green B4C sample. Organics (PEI and Pluronic) were completely removed from green parts at 

500°C. 

 

SI-2: Summary of the surface roughness parameters, Ra and RMS, of the top, side and bottom surfaces of sintered 

specimens produced using the 584 and 406 µm diameter orifices. 

Nozzle 

diameter 
584 μm 406 μm 

Part 

surface 
Top Top Side Bottom 

Roughness 

parameter 
Ra RMS Ra RMS Ra RMS Ra RMS 

Sample 1 13.7 15.4 3.4 3.9 9.0 10.8 0.59 0.77 

Sample 2 14.9 16.8 3.5 4.0 7.5 8.8 0.95 1.30 

Sample 3 13.8 15.5 3.3 3.9 6.0 7.3 0.83 1.07 

Sample 4 13.2 14.6 3.7 4.2 7.3 8.5 1.41 1.98 

AVG. 13.9 15.6 3.5 4.0 7.4 8.9 0.94 1.28 

Std. dev. 0.7 0.9 0.2 0.1 1.2 1.5 0.3 0.5 
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SI-3: XRD scan of Pluronic F-127. 
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SI-4: XRD scan of a B4C specimens made using pastes containing 8 wt%/B4C of carbon black sintering aid 

(top) and a carbon additive-free paste (bottom). 

 


