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A B S T R A C T   

Zircon (ZrSiO4) is a low cost and widely available ceramic raw material used in thermal applications due to its 
low thermal conductivity and high thermal shock resistance. The aim of the present work was to obtain solid and 
reticular zircon pieces by digital light processing (DLP), scarcely reported in the literature. For this aim, the 
dispersion of zircon powders in two different solvents (benzyl alcohol and cyclohexanol) was studied using 
different UV-curable polymeric systems. The effect of different dispersant concentrations as well as different 
dispersion/homogenisation methods were evaluated by rheological characterisation. Bulk bodies and scaffolds 
were obtained by DLP, studying the effect of different printing parameters on the quality and resolution of the 
produced parts. Debinding and sintering steps were optimised using different thermal cycles. Dense zircon 
scaffolds (>96%TD) were obtained from the cyclohexanol based slurries. Finally, the obtained materials were 
characterised in terms of crystallographic composition and microstructure.   

1. Introduction 

Zircon (ZrSiO4) is a widely available ceramic raw material in mineral 
sand form, low cost (1–3 €/kg) [1], whose properties such as its low 
thermal conductivity (5.1 W/m.K at room temperature and 3.5 W/m.K 
at 1000 ◦C) [2], high dissociation temperature (1675 ◦C) [3], low co
efficient of thermal expansion (4.99 × 10− 6 K− 1) [4] or its resistance to 
thermal shock and chemical attack [2,5] make it an ideal material for 
high temperature applications. Thus, zirconium silicate is widely used as 
a refractory material in the steel and glass industry [3,5–7]. Recent 
studies have even demonstrated its qualities for obtaining thermal bar
rier coatings by plasma spraying techniques that could be used in the 
aeronautical or automotive sectors [8,9]. 

Given its application as a refractory or thermal barrier material, in 
addition to its thermal properties, zircon must also exhibit good me
chanical performance so that it resists impact shock (e.g. from glass 
molten particles inside furnaces) or certain stresses to which this ma
terial is subjected through industrial processes. For this, high densities 
must be achieved in the final parts or coatings, which is complicated in 
the case of zirconium silicate due to its low sinterability. Therefore, high 
green densities must be previously achieved favouring its subsequent 
densification by sintering, for which the processing of the starting 
powder as well as its shaping become key steps. In this sense, in the last 

decades, numerous works have been reported in which zircon-based 
materials were formed by means of different shaping techniques. 

One of the main strategies to favour the zircon sintering is the 
addition of secondary minority phases, such as silica [10], alumina [11], 
titania [12] or zirconia [13], which form a transient liquid phase at high 
temperatures in order to promote the densification of the zircon. On the 
other hand, different processing techniques have been used, such as 
high-energy ball milling for the activation of the starting powders [14] 
and their subsequent axial [11,12] or isostatic pressing [10,12,15,16]. 
Different colloidal processing routes have also been employed to enable 
a more exhaustive control of particle packing in order to increase the 
green density of the obtained materials. In this way, pure zircon powders 
have been reported to be obtained by colloidal sol-gel synthesis routes 
from organic and inorganic precursors [17], by reverse micelle processes 
[18], micro-emulsion processes [19] or liquid aerosol hydrolysis [20], 
generally resulting in nanomaterials with enhanced mechanical prop
erties. In addition, different colloidal shaping techniques have been re
ported using suspensions such as slip casting [21–23], gelcasting [24] or 
suspension plasma spraying [8,9], in which a thorough rheological 
study of the slurries allows minimising the structural defects and 
obtaining high green densities to favour the sintering process [25]. 
Furthermore, it is worth mentioning that for all these zircon materials 
obtained by different techniques and pressureless sintering without 
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additives, no density values higher than 96 % were reported. Higher 
density values have only been reported for those densified by 
non-conventional sintering techniques such as SPS [14,26] or hot 
pressing of powders [27,28], with the consequent higher production 
costs. 

Due to the different applications for which zircon is intended, some 
of them requiring the forming of complex shapes or to adapt to the di
mensions and morphologies of other in-contact components, the study of 
its shaping by additive manufacturing techniques is also gaining 
importance nowadays. Still, very few works regarding AM of zircon 
parts have been reported in the literature. To the best of our knowledge, 
only Basar Ozkan et al. reported obtaining SiO2–ZrSiO4 parts by vat- 
photopolymerization [29] and Italo Leite de Camargo et al. reported 
obtaining zircon-mullite parts by stereolithography-based 3D printing 
[30], none of them obtaining pure crystalline dense zircon parts. 

Regarding the different AM techniques for parts production, those 
based on stereolithography such as digital light processing (DLP) could 
be the most suitable for zircon 3D printing, in which photocurable 
suspensions are used to build the desired morphologies layer by layer. 
Furthermore, DLP is considered to be the AM technique with the highest 
printing resolution, enabling tiny complex morphologies to be obtained 
with a very precise surface finish [31,32]. In this way, careful rheolog
ical control of the mixture homogeneity and colloidal dispersion of the 
starting powder in the UV-resins would make it possible to obtain 
defect-free materials with high green densities so that the zircon could 
be densified using conventional sintering techniques. For this, the 
photosensitive suspensions should meet certain requirements, such as 
containing at least 40 vol% solids in order to favour the debinding 
process without generating microdefects or delamination [33–37] and 
having viscosities below 3 Pa s so that they flow adequately in the 
printing vat to ensure the homogeneity and adhesion of the successive 
micrometric layers [35,36,38]. Another key stage is the post-processing 
of the obtained pieces with the design of thermal cycles with different 
steps and appropriate heating rates so that the organic compounds are 
progressively volatilised, allowing the ceramic particles to approach 
without cracking or shape deformations [33,34,39,40]. 

Thus, the aim of the present work is to obtain pure zircon bulk parts 
and scaffolds by DLP for the first time, as well as their full densification 
by conventional sintering. Different photopolymerizable systems were 
studied by using different non-reactive solvents (pore formers) in the 
formulations that could favour the debinding step, as well as a rheo
logical study of the produced slurries to optimise the printing process. 
Thermal debinding was also studied according to the suspension 
composition and the densification grade and microstructure of the final 
parts were evaluated. 

2. Experimental 

2.1. Materials and reagents 

The starting ceramic raw material was a commercial zircon powder 
(Zircobit® MO/S, Industrie Bitossi S. p.A., Italy) composed of 64.3 ± 0.5 
ZrO2, 32.5 ± 0.5 SiO2, 2.0 ± 0.5 Al2O3, 0.15 ± 0.03 TiO2, 0.07 ± 0.01 
Fe2O3 (oxide wt%). Its mean particle size (dv50) is 1.1 ± 0.2 μm with an 
average density of 4.46 g/cm3 and a specific surface area of 6.9 m2/g. 
The surface area was measured by one-point BET method (Monosorb 
Surface Area Analyser MS-13, Quantachrome, USA), the density by He- 
pycnometry (Multipycnometer, Quantachrome, USA), and the particle 
size distribution was measured by laser diffraction (Mastersizer 3000 
analyser, Malvern, UK). Particle size measurements were performed 
using benzyl alcohol as dispersion medium and studying the effect of 
dispersant concentration and different homogenisation methods. 

The polyacrylic resin was prepared in the laboratory by mixing the 
following components with respective relative concentrations: 25–35 wt 
% of either benzyl alcohol (BA) or cyclohexanol (CH) (Sigma-Aldrich, 
Switzerland) as low volatile and non-reactive organic solvents, 45–55 wt 

% 3-methyl-1,5-pentanediol diacrylate (MPDDA, Genomer 1226, Rahn 
AG, Switzerland) as a low viscosity monomer, 20 wt% polyetherpolyol 
acrylate (Genomer*5695, Rhan AG, Switzerland) used as an oligomer to 
increase the reactivity of the resin, and 3 wt% diphenyl 2,4,5-trimethyl
benzoyl phosphine (Genocure*TPO-L, Rhan AG, Switzerland) as a 
photoinitiator to promote free radical formation. Solsperse 41,000 
(Lubrizol Advanced Materials S. L., Spain) was used as a dispersing 
agent. 

2.2. UV-curable slurry preparation and optimisation 

The liquid phase was firstly prepared by mixing the solvent (BA or 
CH), the monomer and the oligomer with a magnetic stirrer, to obtain 
organic mixtures. Four different mixtures were prepared (BA25, CH25, 
BA35, CH35) to vary the solvent type and its concentration in wt%. The 
optimal amount of dispersant was also added and homogenised into the 
organic solution (1 wt% with respect to zircon powder, determined from 
the dispersion study described in the following section). Then, the zircon 
powder was added to the liquid phase by using a propeller mixer (RW 20 
digital, IKA-Werke, Germany). Once the fresh-prepared slurries were 
obtained, a planetary mill (PM 400, Retsch, Germany) was used at 300 
rpm for 20 min to break down the agglomerates and fully disperse the 
ceramic powder in the organic mixture. After planetary mill treatment, 
the photoinitiator was added and the slurries were left homogenizing on 
a rolling bench for 24 h with 3 mm zirconia balls as milling medium (1/3 
in volume with respect to the suspension). 

2.3. Slurries characterisation 

The particle size distribution of the commercial zircon powder was 
studied in benzyl alcohol medium (6 vol% ZrSiO4) by laser diffraction 
(Mastersizer 3000 analyser, Malvern, UK), with and without the addi
tion of different amounts of dispersant and after the different mechan
ical processes that were used to optimise the slurries (40 vol% ZrSiO4). 
The diluted slurries were homogenised only by keeping them for 72 h in 
rolling bench with 3 mm zirconia balls. 

The rheological behaviour of the different slurries (without photo
initiator) was studied using a rotational rheometer (MCR302, Anton 
Paar, Austria) with a concentric cylinder measuring system (CC27/ 
T200/SS). Measurements were performed under controlled shear rate 
(CR) at 25 ◦C using the following program: from 1 to 500 s− 1 in 150 s, 
maintaining at 500 s− 1 for 60 s, and finally from 500 to 1 s− 1 in 150 s. 

2.4. Digital light processing (DLP) 

The different ceramic pieces (bars and scaffolds) were printed by DLP 
using the custom-made equipment Cerafab 7500 (Lithoz GmbH, 
Austria), with a lateral resolution of 20 μm and UV-light source of λ =
365 nm. The printing parameters were varied for each ceramic/poly
meric system using energy doses from 12 to 30 mJ/cm2, exposure times 
from 1 to 4 s and intensities from 2.5 to 18.7 mW/cm2. In addition, 
propylene carbonate was used as cleaning agent keeping the different 
parts into a bath with agitation for 24 h and then air-dried at room 
temperature for 48 h. 

2.5. Thermal treatments 

The printed parts were subjected to different thermal cycles for 
debinding and sintering. At first, a thermogravimetric analysis and dif
ferential scanning calorimetry (TGA/DSC) were performed (TGA/SDTA 
851e, Mettler Toledo, USA) after drying in order to design the thermal 
cycles for debinding process. The measurements were carried out from 
50 ◦C to 700 ◦C with a heating rate of 5 ◦C/min in air. 

Once the optimal temperatures and heating rates were determined 
for each step of the thermal cycles, specific thermal treatments were 
designed to debind the printed parts of the four studied formulations 
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without causing cracks or delamination (Fig. 1). 
After debinding, the brown zircon parts were sintered at different 

temperatures (1450, 1500, 1550, 1600 ◦C) for 2 h using a conventional 
electric furnace (Nabertherm HTCT01/16, Germany) with heating/ 
cooling rates of 5 ◦C/min. After sintering, the relative densities were 
determined by Archimedes’ method (water immersion) using a value of 
4.56 g/cm3 as theoretical density (TD) of zircon. 

2.6. Characterisation of the printed bodies 

At first, the absorbance spectra of printed parts obtained by using the 
different slurries and different printing parameters were measured by a 
Fourier transform infra-red spectrometer (FTIR Bruker Tensor 27, USA) 
to gain some information regarding the UV-light polymerization pro
cess. The samples were measured as prepared using the Pike Miracle 
single-bounce attenuated total reflectance (ATR) cell equipped with a 
ZnSe single crystal. 

The crystalline phases of the starting zircon powder and final sin
tered parts were identified by X-ray diffraction (XRD; Advance diffrac
tometer, Bruker Theta-Theta, Germany) using Cu Kα radiation at a 
working power of 40 kV and 30 mA, a measurement range of 2θ between 
10◦ and 80◦, a scanning speed of 1.5 s/step and a step size of 0.05◦. For 
this purpose, the sintered parts were first ground with a tungsten carbide 
mortar and passed through a sieve with a mesh size of 63 μm. 

The microstructure of the different green and sintered pieces was 
observed by field emission gun scanning electron microscopy (FEG-SEM, 
Hitachi S4700 Type I, Japan). In the case of sintered bars, the specimens 
were polished down to 1 μm using diamond paste and subsequently 
thermally etched at temperatures 15 % lower than the sintering tem
perature (◦C). In addition, the porosity and average pore size of green 
printed parts were determined by image analysis (ImageJ software, 
National Institutes of Health, USA) from micrographs taken at 10,000x 
magnification. 

3. Results and discussion 

3.1. Particle size and rheological study of slurries 

In order to obtain homogeneous and suitable UV-curable slurries of 
zircon powder, firstly the Solsperse 41,000 was selected as dispersing 
agent given its successful steric stabilization mechanism already previ
ously reported for similar formulations [39–41]. To determine the 
required amount of dispersant with respect to the ceramic powder, a 
particle size study was performed on diluted slurries (6 vol% of solids) of 
this material, kept for 3 days on a rolling bench with zirconia balls and 
using benzyl alcohol as dispersion medium. It is worth mentioning that 
both benzyl alcohol and cyclohexanol are protic organic solvents (pro
ton donors) mixed together with the aprotic monomers/oligomers in the 
final DLP formulations, which could improve the dispersion of zircon 
powder by varying the energy required for particles wettability and by 
adsorption of protons on the particles surface which provide some 
electrostatic character to the dispersion mechanism [42]. As can be 
observed in Fig. 2a, the particle size distribution curve of zircon without 
deflocculant addition is shifted towards larger particle sizes than indi
cated by the manufacturer due to the presence of agglomerates. After 
dispersant addition (0.5 and 1 wt%), however, narrower particle size 
distribution centred at 0.9 μm could be achieved, in agreement with the 
technical specifications of the starting raw material. However, both 
dispersant concentrations appear to yield similar particle size distribu
tions. On the other hand, Fig. 2b shows the flow curves obtained for 
concentrated slurries (40 vol% zircon) after planetary mill treatment 
from rotational rheometry. Clear viscosity differences can be observed 
between all dispersions, including those prepared with 0.5 and 1 wt% 
Solsperse 41,000.1 wt% of dispersant addition provides a lower viscosity 
and a near Newtonian behaviour. Furthermore, none of the slurries 
reveal any thixotropic behaviour. Given those results, 1 wt% was fixed 
for the following as the optimum amount of deflocculant with respect to 
the zircon powder for preparation and optimisation of UV-curable 
ceramic resins. 

Fig. 1. Debinding thermal cycles for DLP parts printed using the a) BA25, b) CH25, c) BA35 and d) CH35 zircon slurries.  
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Once the optimum amount of dispersant was fixed (1 wt%), the 
particle size evolution was also studied using different homogenisation 
processes to optimise the slurries. Fig. 3 shows the particle size distri
bution curves of zircon powder in BA25 polymeric mixture after 1 h of 
propeller mixing, after 20 min of planetary ball milling and after 24 h of 
roll bench homogenisation only with 3 mm zirconia balls added to the 
container. As it can be observed, the fresh suspension homogenised 
solely by propeller mixing for 1 h still shows some agglomerates of 
around 100 μm, indicating that the deflocculant polymeric chains had 
insufficient time to be fully adsorbed on the particles surface and/or 
insufficient energy was provided to break the agglomerates. On the 
other hand, for the suspension left for 24 h homogenizing on the rolling 
bench with zirconia beads no more large agglomerates could be 
observed. The suspension shows a monomodal size distribution curve, 
with a distinct shoulder centred around 1 μm, indicative of a residual 
fraction of small agglomerates. Finally, the slurry treated for 20 min in 
the planetary mill shows a narrow monomodal particle size curve cen
tred at 0.9 μm, confirming the necessity of higher energy contribution 
needed to break the agglomerates, in parallel homogenizing the sus
pension. Planetary ball milling was thus selected for the preparation of 
the different slurries. 

Once the optimum dispersant content and the dispersion method 
were set, different slurries were prepared by dispersing the zircon 
powder into the four liquid organic mixtures (BA25, CH25, BA35 and 
CH35). As for the solids content, viscosity measurements of suspensions 
prepared in BA25 liquid phase were performed at 40, 45 and 48 vol% 

(Fig. 4 shows the corresponding flow curves). It was observed that the 
suspensions prepared with 40 and 45 vol% solids content showed a low 
viscosity (0.31 against 0.62 Pa s at 500 s− 1, respectively), suitable for 
DLP printing. On the other hand, suspensions prepared at 48 vol% solids 
had a higher viscosity (2.7 Pa s at 500 s− 1) and exhibited a strong shear 
thickening effect from 100 s− 1 onwards with a remarkable thixotropic 
cycle, undesirable for DLP 3D printing. Thus, a solid content of 45 vol% 
was fixed for the preparation of different UV-curable ceramic slurries, 
maintaining a suitable rheological behaviour for DLP 3D printing and a 
solid content high enough to avoid a large shrinkage during the 
debinding process that may favour the appearance of microcracks or 
delamination in the brown parts [33–38]. 

Once the different slurries were prepared with an optimised solids 
loading of 45 vol%, rheological measurements were performed for the 
four formulations to compare the different homogenisation procedures, 
i.e., propeller mixing for 1 h, propeller plus 20 min of planetary ball 
milling and then, after keeping them for 24 h on the rolling bench with 
zirconia balls. Fig. 5 shows the viscosity curves of the four different 
slurries after each step of their mechanical treatment. As can be 
observed, all of them show a higher viscosity and specially a clear shear 
thickening effect after only 1 h of propeller mixing, which indicates that 
the powder is not properly dispersed into the liquid phase. After plan
etary mill treatment, it can be observed that the viscosity of all the 
slurries decreased with additionally the disappearance of the shear 
thickening effect at higher shear rates. Despite of the effectiveness of the 
planetary milling process, it can also be observed how the rheological 
behaviour can be further optimised by keeping the slurries for 24 h more 
on the rolling bench together with 3 mm zirconia balls, leaving time for 
surface speciation reactions with the dispersant and slurry homogeni
sation [43,44]. Moreover, there is a difference in the rheological 

Fig. 2. Effect of dispersant concentration on a) particle size of zircon in diluted slurries (6 vol%) and b) flow curves of zircon concentrated slurries (40 vol%).  

Fig. 3. Effect of mechanical treatments on the particle size distribution of 
zircon powder in concentrated BA25 slurries (40 vol%). 

Fig. 4. Flow curves of BA25 slurries at zircon contents of 40, 45 and 48 vol%.  
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behaviour between the slurries prepared dispersing the zircon powder 
into the organic mixtures containing benzyl alcohol or cyclohexanol as 
the solvent. In the case of the BA slurries, and especially for those with 
higher concentration of solvent in the liquid phase (BA35), a shear 
thinning effect can be observed at very low shear rates, which is desired 
for this type of DLP formulations since it avoids the settling of ceramic 
material between layers during the printing process [45,46]. On the 
other hand, the CH35 slurry shows rather Newtonian behaviour (same 
viscosity value at very low shear rates), which could lead to a slight 
sedimentation of zircon powder between one layer and the next one. 
Even so, all different suspensions present a suitable viscosity value 
(around 0.5 Pa s at 100 s− 1) for the DLP printing technique, since this 
type of light-curing resins must exhibit viscosities of less than 3 Pa s 
above 100 s− 1 for proper flowability and homogenisation by the scraper 
on the printer vat [35,36,38]. 

3.2. DLP printing process 

After optimisation of all UV-curable zircon slurries, different parts 
were printed by DLP obtaining solid bars and scaffolds with different 
sizes. The standard dimensions (SD) for printed bars were 24 × 6x4 mm 
and for scaffolds 10 × 10 × 10 mm, but other samples were prepared by 
applying scaling factors (SF) of 0.7 and 0.5 in the case of bars (16.8 ×
4.2 × 2.8 and 12 × 3x2 mm, respectively) and 0.7 in the case of scaffolds 
(7 × 7x7 mm). At first, a printing parametric study was performed for 
each ceramic/polymeric system resulting in different optimum printing 
parameters for each one (Table 1). In the case of BA systems, the 
required energy dose was higher than for CH systems (15–21 vs. 10–15 
mJ/cm2), whilst in general the energy dose increased with higher 
nonreactive solvent concentration (e.g. BA and CH) such as 15 mJ/cm2 

for the BA25 against 21 mJ/cm2 for the BA35 slurry. Moreover, after 
fixing the required energy dose, the exposure time and intensity were 
also varied from 1 to 4 s and from 18.7 to 2.5 mW/cm2, respectively, in 
order to investigate the effect of the energy ramp. Parts printed with 
longer exposure times and lower intensities showed a greater resolution 
and homogeneity, with a critical ratio between both parameters to 
achieve proper adhesion between layers (maximum of 3 s and minimum 
of 4 mW/cm2). After printing, the different parts were cleaned in pro
pylene carbonate for 24 h with agitation, removing the non-polymerized 
slurry. Then, the pieces were air-dried at room temperature for 48 h. 

Fig. 6 shows the optical microscope images for the different parts 
obtained by DLP. As can be observed in the case of bars, those obtained 
from BA slurries (a) were homogeneous without any visible traces of 
cracks and delamination. In contrast, a delamination problem could be 
observed in parts produced from CH containing slurries after drying (b 
and c). This problem could however be reduced by reducing the part 
thickness (d). It is believed that this delamination issue for bars obtained 

Fig. 5. Viscosity curves of a) BA25, b) BA35, c) CH25, d) CH35 slurries at 45 vol% zircon content after 1 h of propeller mixing, after 20 min more of planetary ball 
milling and after 24 h more in rolling bench with 3 mm zirconia balls. 

Table 1 
Optimum DLP printing parameters for each UV-curable zircon slurry.  

Printing parameters BA25 BA35 CH25 CH35 

Layer thickness (μm) 25 25 25 25 
Exposure time (s) 2.5 3 2.5 3 
Exposure intensity (mW/cm2) 6 7 4 4 
Energy dose (mJ/cm2) 15 21 10 12  

Fig. 6. Optical microscope images of solid bars of a) BA25 (SD), b) CH25 (SD), 
c) CH25 (SF 0.7), and d) CH25 (SF 0.5) and scaffolds of e) CH25 (SD and SF 
0.7), and f) CH35 (SF 0.7). 
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from CH slurries is related to the pore structure and capillary pressures 
and could be solved by a supercritical CO2 drying process [47]. This 
would, however, complexify the process and render it more expensive 
compared to BA bars that can be easily dried at room conditions. On the 
other hand, it was not possible to obtain scaffolds by printing BA slur
ries, since the strength of the struts was insufficient to maintain the 
structure under the tensile forces exerted by the printer during the tilting 
step used for the separation of successive layers (even at the slowest 
tilting speed). This breakage of the scaffolds could not be solved by 
increasing the exposure energy dose, as overcuring caused the parts to 
remain attached to the vat instead of to the printing platform. However, 
in the case of the scaffolds printed with CH25 (e) and CH35 (f) slurries, 
the struts had sufficient tensile strength to be printed without any 
delamination effect since the width of the struts is 1 mm in the case of 
the largest pieces (less than the thickness of the smallest bars). 

The green printed parts were characterised by FT-IR following the 
photopolymerization printing process. Fig. 7 shows the absorbance 
spectra of pieces printed with BA and CH slurries and using the optimum 
energy dose for each one. None of them exhibited the characteristic peak 
at 1500-1600 cm− 1 typical of the C––C double bonds, indicating that all 
monomers fully reacted and therefore no vinyl groups from the starting 
acrylates are present in the final printed parts. It can also be observed in 
all cases a characteristic signal of C–H bonds around 2900 cm− 1 corre
sponding to polymeric chains that have been formed during the photo
polymerization process. On the other hand, comparing the spectra of 
BA25/CH25 with BA35/CH35 pieces, a clear difference can be observed 
from the appearing of a double peak around 1750 cm− 1 in the case of the 
parts printed with higher solvent content slurries. This double peak 
corresponds to carbonyl groups and may be due to propylene carbonate 
(e.g. cleaning agent) with different C––O bonds compared to the 
acrylate-type polymeric chains being retained in the internal structure of 
the parts. The reasons for this have not been investigated in detail, but 
may be due to a changed pore structure, where larger cavities connected 
with smaller pore channel may trap the propylene carbonate due to 
capillary pressure effects. Furthermore, comparing the relative in
tensities between the two types of carbonyl groups, it is noticeable that 
the retention of propylene carbonate was higher in the case of BA35 
parts, which suggest a higher porosity grade and a less homogeneous 
pore size distribution with the presence of very fine channels. This could 
favour the debinding process avoiding the appearance of microcracks or 
delamination during volatilisation of organic compounds while making 
it possible to obtain fully densified materials after sintering. 

The microstructure of the green printed parts was also studied to 

corroborate the hypothesis drawn from the FTIR results regarding the 
infiltration of cleaning agent into the internal porosity. Fig. 8 shows the 
cross-section micrographs taken at 10,000x magnification on pieces 
produced from the four different slurries. As can be observed, the 
porosity is higher at higher non-reactive solvent concentrations into the 
organic phases (13.6 % and 11.4 % for b and d with respect to 12.2 % 
and 10.6 % for a and c, respectively). Moreover, analysing the micro
graphs obtained for BA35 and CH35 parts (b and d respectively) using 
Image J software, the resulting porosity value was higher for BA35 (13.6 
% against 11.4 %) and its average pore size was smaller (0.21 against 
0.31 μm). Also, it is noticeable that the porosity is more homogeneously 
distributed in the case of parts printed with BA slurries, which could 
favour the debinding process while ensuring a high densification of the 
material after sintering. The less homogeneous distribution of cyclo
hexanol as a solvent could be due to a polymerization-induced phase 
separation process, resulting in a polymer-rich phase that forms the 
matrix together with the ceramic particles and a polymer-poor phase 
providing this type of larger cavity porosity [47,48]. 

3.3. Debinding and sintering 

In order to properly design the thermal programs for the debinding 
process, thermogravimetry and differential scanning calorimetry of the 
different as-printed parts were performed. Fig. 9 shows the TG/DSC 
graphs of pieces printed with the four different slurries. Three main 
weight losses can be observed in all the samples, the first one corre
sponding to the solvent evaporation and the other two at higher tem
perature to the combustion of the polymeric chains. It is notorious that 
the loss of mass corresponding to solvent evaporation is produced at 
lower temperatures (100-180 ◦C) in the case of BA parts (a and b). In 
contrast, solvent volatilisation in CH ones occurs over a wider temper
ature range (100-300 ◦C), which seems to be related to the less homo
geneous distribution of cyclohexanol as solvent in the internal structure 
of the pieces (as observed in the different porosity distribution in Fig. 8). 
This is followed in all cases by the combustion of the polymers with two 
main mass losses at 350 and 450 ◦C. In addition, three exothermic peaks 
are observed in the DSC curves at approximately 260, 380 and 460 ◦C, 
the last two being considerably more intense. These correspond to the 
volatilisation of the polymer chains in three partial combustions or de
compositions. Based on these results, the thermal cycles shown in Fig. 1 
were designed to perform the debinding process of all parts with no 
cracking or delamination. 

Once the different pieces were successfully debinded, the brown 
zircon parts were sintered at different temperatures (1450, 1500, 1550, 
1600 ◦C) for 2 h in a conventional air furnace. The density of the pieces 
increases with sintering temperature, as expected due to the low 
densification of zircon as a refractory ceramic material, being the 
highest for those sintered at 1600 ◦C (values shown in Table 2). In 
addition, the density of the parts was slightly higher for those printed 
using slurries with a higher proportion of solvent (96.8 % for BA25 vs. 
97.5 % for BA35 and 96.2 % for CH25 vs. 96.7 % for CH35), which could 
be related to the generation of microdefects during debinding and may 
have potentially been equalized by extending the dwell time for the 
former. It is also worth noting that the density of BA parts was slightly 
higher than that of CH ones and also that the standard deviation in 
density measurements for different parts of the same type was consid
erably higher in the case of CH ones (Table 2). This reinforces the hy
pothesis about the poor distribution of cyclohexanol as the solvent in the 
internal structure of the as-printed parts and therefore the non- 
uniformly distributed porosity that it creates in these pieces, hindering 
the subsequent volatilisation of polymers during the debinding process 
and densification by sintering. As previously mentioned, this CH dis
tribution into the parts structure could be related to a 
photopolymerization-induced phase separation process which may be 
minimised by increasing the energy dose rate during printing, reducing 
the exposure time and increasing the intensity to prevent solvent 

Fig. 7. FTIR absorbance spectra of a) BA25, b) BA35, c) CH25, d) CH35 printed 
parts after cleaning and drying for 24 h. 
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migration to polymer-poor areas [47]. 

3.4. XRD characterisation 

The sintered bodies were characterised by XRD to determine whether 
the zircon material underwent decomposition into SiO2 and ZrO2 by the 
different mechanical treatments applied in the optimisation of the UV- 

curable suspensions and during the high temperature sintering pro
cess. Fig. 10 shows the diffractograms of the starting zircon powder as 
received and of a part printed using the BA25 slurry (45 vol% zircon) 
and sintered at 1600 ◦C for 2 h. As can be observed by comparing both 
patterns, the zircon material sintered at high temperature (close to its 
decomposition temperature of 1675 ◦C [3]) shows exactly the same 
peaks as the raw material powder, without traces of zirconia or quartz. 

Fig. 8. SEM micrographs of a) BA25, b) BA35, c) CH25, d) CH35 cleaned and dry printed parts. Magnification 10,000x.  

Fig. 9. TG/DSC curves of a) BA25, b) BA35, c) CH25, d) CH35 as-printed parts.  
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This demonstrates the suitability of the processing of the starting 
ceramic powder and the subsequent treatments, including shaping and 
sintering, to obtain dense materials with a high crystalline purity 
(without the presence of glassy silica phase) which will improve the 
thermo-mechanical properties of the final pieces. 

3.5. Microstructural characterisation of sintered parts 

The microstructure of zircon parts sintered at different temperatures 
(1450, 1500, 1550, 1600 ◦C) for 2 h was observed by FEG-SEM. Fig. 11 
shows the micrographs obtained from the bars with highest densities 
(1600 ◦C/2h). The SEM observations and the relative densities demon
strate that the microstructure and densification grade were similar to 
zircon bodies obtained by other forming techniques such as slip casting 
[21–23], gelcasting [24] or uniaxial/isostatic pressing of activated pure 
powders [10–12,15,16], prior to pressureless sintering at the same 
temperature for similar or longer dwell times. As previously commented, 
values up to 97.5 % of the theoretical density were achieved for BA35 
parts, which supposes a rather high densification degree taking into 
account the limited sinterability of zircon as compared with values re
ported by other authors who conventionally sintered zircon specimens 
(≤96%TD). Moreover, since no great difference was observed in the 
reported density values for the different bars (Table 2), the micro
structure of these was also quite similar, with the materials obtained 
using slurries with higher concentrations of non-reactive solvents in the 
organic phase formulation appearing to be slightly denser (b and 
d compared to a and c). In addition to the drying delamination problems 
for CH bars previously discussed, a slightly higher density of BA parts 
compared to CH ones could also be observed. This suggests again a more 
homogeneous distribution of benzyl alcohol as the solvent in the internal 
structure of the printed parts and therefore, the more suitable porosity 
arrangement that favours the debinding process and the sinterability of 
brown bodies. 

Finally, Fig. 12 shows the micrographs taken on scaffolds obtained 
using the CH slurries and sintered at 1600 ◦C for 2 h. As can be observed, 
no delamination or cracking occurred in the parts and the high resolu
tion achieved by the DLP printer results in a perfect finish on the square 
morphology of the piece’s channels and struts (Fig. 12a). Thus, the final 
width of the sintered scaffold struts is around 565 μm (620 μm for the 
green part, which represents a 9 % shrinkage). In contrast, the square 
channels show an 850 μm side window (1000 μm for the green part), 
which means a dimensional reduction of 15 % after debinding and 
sintering. In addition, Fig. 12b shows the corner of one of the square 
channels at higher magnification, making it possible to better observe 
the high resolution of the DLP 3D printing technique and the slightly 
rounded finish that characterises this technique for obtaining sharp 

Table 2 
Density of DLP-printed bars sintered at 1600 ◦C for 2 h.  

Sintered bars Density (g/cm3) Density (%TD) 

BA25 4.404 ± 0.009 96.8 ± 0.2 
BA35 4.436 ± 0.013 97.5 ± 0.3 
CH25 4.377 ± 0.044 96.2 ± 1.0 
CH35 4.400 ± 0.057 96.7 ± 1.3  

Fig. 10. Diffractograms of a) zircon raw material and b) BA25 printed part 
sintered at 1600 ◦C for 2 h. 

Fig. 11. SEM micrographs of polished a) BA25, b) BA35, c) CH25, d) CH35 bars sintered at 1600 ◦C for 2 h. Magnification 10,000x.  
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morphologies. Lastly, Fig. 12c shows the microstructure of one of the 
struts at higher magnification, demonstrating the adequacy of the 
debinding process and the high densification obtained by conventional 
sintering. 

4. Conclusions 

Different UV-curable liquid phases were developed by mixing 
monomer/oligomer compounds with benzyl alcohol and cyclohexanol 
as non-reactive solvents and porogenic agents. Ceramic resins were 
obtained introducing a zircon powder (45 vol%) into the organic phases 
by means of a steric-mechanism dispersion. The rheological behaviour 
of the slurries was optimised by ball planetary milling (300 rpm/20 min) 
and maintaining them in rolling bench for 24 h. Different bars and 
scaffolds were printed by DLP using the different ceramic slurries and 
optimising the printing parameters (energy doses of 15–21 mJ/cm2 for 
BA parts and 10–15 mJ/cm2 for CH ones). The resulting porosity grade 
and distribution was different for parts printed using BA and CH as 
solvents (13.6 % for BA35 and 11.4 % for CH). The higher porosity grade 
and more homogeneous distribution in BA green parts led to solvent 
volatilisation occurring at lower temperatures during the debinding 
process (100-180 ◦C for BA vs. 100-300 ◦C for CH). Successful thermal 
debinding programs were designed for each type of formulation 
obtaining crack-free zircon brown pieces. The different brown parts 
were pressureless sintered (1600 ◦C/2h) obtaining slightly higher den
sities for BA ones (97.5%TD for BA35 vs. 96.7%TD for CH35) and for 
those produced with higher solvent concentration into the UV-curable 
liquid phase (96.8%TD for BA25 and 97.5%TD for BA35). It is worth 
noting that these density values are rather high compared to zircon 
materials obtained by other processing techniques and pressureless 
sintered (≤96%TD) including isostatic pressing and colloidal forming. 
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