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ABSTRACT

A stereolithography-based additive manufacturing technique has been used for the fabri-
cation of advanced ceramics. A customised 3D printer using a Digital Light Processing (DLP)
projector as UV source has been built to fabricate green bodies from photosensitive resins
loaded with 25-60 wt% of alumina, 3- and 8-YSZ. The 3D-printed bodies were then sintered in
the 1200-1500°C and exhibited thermal stability. As expected, higher ceramic loadings ren-
dered objects with higher density for a given sintering temperature. The limit of solid loading
in the resin is approximately 60% and beyond those contents, the extra ceramic appears as
powder loosely adhered to the sintered objects. Photogrammetry was used to evaluate the
accuracy of the 3D printing process and highlighted a marked deviation between the CAD
model and the resulting object, particularly in the top part of the specimens, possibly due
to the use of volatile solvents which cause changes in the photoresins used. Nevertheless,
that problem may be overcome by thermostatising the printer vat and/or using solvents with
higher boiling point. The results obtained suggest the potential application of low cost DLP
3D printing techniques to process ceramics for a number of applications including ceramic

fuel cells, piezoelectrics, dental applications, etc.
© 2017 SECV. Published by Elsevier Espana, S.L.U. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Fabricacion y caracterizacion de ceramicas
medinate impresién 3D DLP de bajo coste

RESUMEN

Se ha empleado una técnica de fabricacién aditiva basada en la estereolitografia para la
produccién de cerdmicas avanzadas. Se ha disefiado y construido una impresora 3D per-
sonalizada empleando como fuente de UV un proyector DLP para fabricar cuerpos verdes a
partir de resinas fotosensibles cargadas con el 25-60% en peso de alimina, 3-YSZ y 8-YSZ.
Los cuerpos impresos mostraron estabilidad térmica tras los correspondientes tratamien-
tos de sinterizacién entre 1.200 y 1.500°C. Como era de esperar, los mayores contenidos
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de sélido en las resinas dieron lugar a objetos con mayores densidades relativas para cada
temperatura de sinterizacién. Ellimite de carga sélida en las resinas es aproximadamente un
60%, y por encima de estas cantidades, el contenido extra de cerdmico aparece como particu-
las de polvo débilmente adheridas a los objetos sinterizados. Se empled la fotogrametria para
evaluar la precisién del proceso de impresién 3D donde se puso de manifiesto una marcada
diferencia entre el modelo CAD y el objeto impreso, especialmente en la parte superior de
los especimenes, posiblemente debido al uso de disolventes volatiles que provocan cambios
en las fotorresinas empleadas. Sin embargo, este problema puede paliarse termostatizando
el contenedor de la resina de la impresora y/o mediante el empleo de disolventes con mayor
punto de ebullicién. Los resultados obtenidos sugieren la potencial aplicacién de técnicas
de impresién 3D DLP de bajo coste para el procesado de ceramicos para aplicaciones como

pilas de combustible cerdmicas, piezoeléctricos, aplicaciones dentales, etc.
© 2017 SECV. Publicado por Elsevier Espaiia, S.L.U. Este es un articulo Open Access bajo
la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Ceramics because of their aesthetic value, biocompatibil-
ity and physico-chemical properties are highly suitable for
biomedical, biochemical and diagnostic applications [1]. Some
of the most researched and commonly used bioceramics
include pure alumina (Al,0s3) [2,4,8], pure zirconia (ZrOj)
[3,5,6], alumino-silicates, zirconia doped with yttria, vitreous
carbon and calcium phosphate based ceramics [1]. For the
past few decades, the chemical composition of the bioceramic
was the most relevant parameter, though in recent times the
focus has been driven to the relation between processing and
the resulting mechanical and thermal properties in order to
improve both performance and durability. As a consequence,
ceramics such as alumina and zirconia have proved more ade-
quate properties than most metals in implants due to their
resistance to corrosion and the ability to withstand very high
temperatures [5-7].

In the last 3 decades, additive manufacturing (AM) has
emerged as a technology that can be used to fabricate objects
with complex geometries straight from a computer-aided
design (CAD) file [9,10]. This group of techniques may be
applied to a wide range of materials, from polymers to metals
and also ceramics [1]. Although it was first conceived for rapid
prototyping, 3D printing has undergone outstanding progress
and becomes gradually more popular, particularly due to some
advantages compared to other manufacturing techniques as
is the possibility of fabricating complex geometries, rational
use of materials, relatively low time consumption and they
can be user friendly. AM includes a number of technologies
such as Selective Laser Sintering (SLS), Fused Deposition Mod-
elling (FDM), Stereolithography Apparatus (SLA), Inkjet-Based
Systems and others [9]. In the case of ceramics, FDM may not
provide enough resolution for applications where a good finish
is required such as odonthology or electroceramics as the noz-
zle tends to be rather large. Inkjet technologies have already
been used in ceramics with very good results, although it may
be time-consuming when printing out objects others than thin
films or high aspect ratio structures. SLS has been reported
as an adequate technique for high quality ceramics, although
the systems are rather expensive. In the case of SLA, there
are rather economic systems to produce ceramics with high

output resolution and surface quality [9-12], and moreover the
systems could be customised by replacing the laser and using
DLP projectors which can also produce high quality ceramics
at low cost [13].

Regarding SLA 3D printing of ceramics, Al,03-based resins
were characterised by Brady et al. to rapid prototype ceram-
ics with the assistance of a SLA machine [11] and later some
ceramic systems were studied [17]. Since then, there has been
some progress in this field as reviewed by Ferrage et al. [14]. In
that work, the effect of processing upon the control of porosity
and prevent the appearance of cracks was pointed out. In any
case, most of those works refer to high profile 3D printers and
they appear to be restricted to just a few materials. As yttria-
stabilised zirconia has its relevance in a range of commercial
and industrial sectors and can be efficiently manufactured
and characterised, that offered us the motivation to present
this novel work on low cost SLA-based manufacturing of alu-
mina, 3 and 8mol% YSZ. As 3D printed ceramic objects are
obtained after the modelling of the geometrical bodies in a
CAD software, it is highly relevant to correlate the dimensions
of the printed object compared to the original model. In the
present study, we have attempted to apply classic photogram-
metry and Structure-form-Motion (SfM) algorithm to estimate
accurately the changes in the dimensions of the ceramics dur-
ing the 3D printing process by 3D reconstruction. This classic
photogrammetric process is carried out by image acquisi-
tion, image measurement using a series of target points with
known 3D positions and processing which involves aligning
the target points for object reconstruction [15]. On the other
hand, in SfM, the geometry of the object, camera positions
and orientation are solved automatically without the need to
specify a network of targets [16].

Materials and methods
Material preparation and processing

Ceramic-loaded photosensitive resins were prepared using
25-60% (w/w) of alumina (Sigma-Aldrich), 3 and 8%
YSZ (Kingda Ceramics), poly(ethylene glycol) diacrylate
(Sigma-Aldrich), a UV photo initiator (PI) phenyl bis (2,4,6-
trimethyl(benzoyl)phosphine) in 5ml of an organic solvent
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a. CAD design

C. SLA-3D printing

Photopolymer vat

Metallic frame

DLP projector

Fig. 1 - Schematic representation of the process which includes modelling, slicing and 3D printing.

(typically ethanol) for every 10g of the sample. The ingre-
dients were kept under mild stirring for 2h until a slurry
was obtained, which was subsequently ballmilled for 6h in a
Pulverisette7 FRITSCH planetary ballmill at 200-400rpm. As
ballmilling for long periods of time could result in solvent
evaporation, the zirconia containers were sealed throughout
the process to keep the solvent to solid ratio constant.

DLP 3D printing

In this work a modification of conventional SLA 3D printers
was developed by Print3D Solutions to print out the ceramic
slurries previously described. The UV source used to carry out
the research presented in this work was a HDMI 3D-FULL HD
1080 DLP projector manufactured by Texas Instruments, emit-
ting UV light at 380nm. The printing apparatus comprised of
a metallic platform and a photopolymer pool/vat of a building
envelope 82.35mm x 47.10mm x 144 mm, with a Teflon base
capable to hold the photoactive resin loaded with ceramic
powders. The model designed in Computer Aided Engineering
(CAE) software (Autodesk Inventor Professional, USA) (Fig. 1a),
planned in the stl file (Fig. 1b) is then virtually sliced into
layers of a pre-defined thickness. The subsequent informa-
tion is translated into G-code, which is a numerical control
programming language for automated machines (Fig. 1c), to
re-create layer-by-layer, the original model. With the assis-
tance of a 3D printer control software, i.e. Creation Workshop,
the DLP projector draws an outline on to the surface of the
photopolymer vat, fixed to the holders on the X and Y-axis of
the printer. The metallic platform tightly screwed to a mov-
able stage on the Z-axis of the printer acts as a lift device,

maintaining a lift distance of 4mm from the pool. Due to the
exposure to UV light, the resin is cured (photopolymerisation
process) and consequently hardens and adheres the first layer
to the platform [16]. In the subsequent immersion of the plat-
form in to the pool, uncured liquid ceramic-loaded resin from
the vat clears over the first layer, coating it with fresh mate-
rial. That second layer is polymerised again by UV light and
adheres to the previous layer. The process is repeated until
the complete model is reproduced. In the present work, the
layer thickness was 25-50 um. When the 3D object has been
completed, it is scraped off the platform, giving an output res-
olution of approximately 45 pm X- and Y-axes. When working
with vat 3D printing technologies, both SLA and DLP, there are
two possible ways to fabricate the object: from top to bottom
or from bottom to top. Top to bottom is usually preferred in
SLA systems as problems associated with light dispersion are
minimised. In the present case, bottom to top has been cho-
sen as one may 3D print even if the vat is not full of resin,
potentially decreasing the cost of the experiments, whereas
in top to bottom configurations the vat must be completely
filled. Additionally, the use of a Teflon layer allows the pass of
the UV radiation from the projector with negligible dispersion.

Simple test structures such as cubes and closed cylinders
of different dimensions were modelled and 3D printed. Dur-
ing their fabrication, the UV exposure time set for the bottom
4 layers was 70-80's to ensure good adhesion to the platform
and 5-7 s for the next layers. The layer thickness, curing time
and the grid adjustments had to be carefully monitored to
avoid any discontinuity in the process or dispachtment of lay-
ers from the platform. Once the structures were built, they
underwent a chemical washing (typically butanol or propanol)
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to remove the excess material, followed by a curing time of
about 2-4 min under a UV lamp emitting a light of wavelength
253nm. The so-obtained green bodies were then dried in a
stove at 60 °C for 6-12 h and then at 140°C for 3h to remove all
the volatiles. After that, the ceramics were sintered from 1200
to 1500°C for 6 h at 5 °C/min. In the case of alumina and 3-YSZ
this procedure was adequate to produce good quality ceram-
ics. In the case of 8-YSZ, this procedure led to the formation
of cracks upon sintering and therefore an alternative debind-
ing route was considered. In the case of 8-YSZ, after drying at
60°C, samples were fired under reducing conditions (5%H,/Ar)
at 450°C for 6 h at 2°C/min.

Materials characterisation

XRD was used to evaluate the phase changes that may occur
upon 3D printing, postprocessing and further sintering. The
experiments were performed in a PANalytical diffractome-
ter equipped with a X’Celerator detector with monochromatic
CuKal radiation (1 =1.54056 A). XRD patterns were performed
in the 10-70° 260 range.

Thermogravimmetric analysis (TGA) of the green bodies
was analysed using a Jupiter STA 449C (Netzsch) thermobal-
ance in flowing air (25ml/min). A blank was run to calibrate
the background and after that a small portion (around 40 mg)
of the green body was placed in one of the crucibles and heated
up from 50°C to 600°C at a ramp rate of 5°C/min.

The microstructure of the sintered bodies was studied via
SEM. The SEM microscope used in this work was a JEOL JSM-
6490LV (Tokyo, Japan) equipped with EDS (Oxford Link) and
detector for backscattered electrons, operating between 0.1kV

and 30kV. The ceramics examined under the SEM were sput-
ter coated with non-oxidising metals such as Au-Pt using a
SC7620 sputter coater by EMITECH to improve their conduc-
tivity and avoid charging-up problems and therefore improve
image definition.

Geometrical analysis

To evaluate the accuracy of the 3D printing process, sev-
eral cylinders (d: 10mm, h: 10mm) were fabricated from
resins containing 45-55% 3-YSZ. A combination of the classic
photogrammetric and SfM was operated on a custom-made
photogrammetric set-up, to acquire multiple images of the
point of interest on the object from different camera positions
and further process them by overlapping the images and align-
ing the reference points to reconstruct the 3D image. This 3D
scan does not work like black boxes as occurs for commercial
3D scanners as they do not provide tools to evaluate the qual-
ity of the object [15]. Pictures of the sintered bodies were taken
using a Nikon D3200 digital camera held on a tripod stand at
a minimal distance from the object of interest. Target points
were drawn on the platform with the object placed on it to
scale the model and control the quality of the 3D reconstruc-
tion. 72 pictures of the object were captured. The images must
overlap at least 80% in order to measure the parallaxes [16],
which is the displacement in the position of an object viewed
from two different points of observation. Further, 3D points
deduced from the 2D image from different camera positions
were fed into the photogrammetric processor that is capable
of generating a 3D model from them, enabling the user to nav-
igate through them easily. The so-reconstructured images in

Fig. 2 - Green bodies of photo resin loaded with 55% 3-YSZ (a, b, c). Brown bodies after drying at 140 °C (d, e). After sintering

at 1500°C (f).



BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO 57 (2018)9-18 13

the 3D model gave us accurate information of the area and the
volume of the sintered objects which were compared with that
of their original 3D designs in order to measure the accuracy
of the 3D printing process.

The original cloud of points (ORIG) is treated to obtain the
capture base plane (which coincides with the base of the 3D
printed object attached to the printing platform) and the cylin-
der matching the 3D mesh of the printed object (FITTED). To
achieve this, the qRansacSD stands algorithm developed by
Schnabel et al. [18] was used. Models are calculated from the
centre of the FITTED cylinder and considering as base the hor-
izontal plane of the reference cylinder (REF) with the same
origin point.

Results and discussion

During resin preparation, homogenisation of the raw material
became a highly relevant stage to improve the sintering prop-
erties of the final objects. Increasing the ballmill speed and
milling time led to stable homogeneous suspensions adequate
to get attached to the printing platform. If the suspensions
exhibited well-defined separated phases, the 3D printing pro-
cess could not be carried out and deleterious effects such as
delamination occurred. Taking this into account, we were able
to produce well-defined layered structures with tailored finish
and minimum crack propagation (Fig. 2). The printing appara-
tus had to be adjusted tight to the fixtures to avoid a slanted
built frame, also called the staircase effect [19,20].

The TGA analysis of the green body revealed information
on the decomposition behaviour of the organic matter with
the changing temperature. From the graphical representation
given in Fig. 3, it is evident that in the 140-200°C tempera-
ture range, all the volatile solvent gets evaporated from the
green body as suggested by the gentle decay of the TG curve.
From that temperature, decomposition of the resin occurs in
2 steps with an exothermic reaction that peaks at 375°C, and
then the remaining organic matter (5-7%) is eliminated in a
strongly exothermic process which peaks at 480°C, leaving
only the ceramicinside the printed part. The TGA experiments
were run for a range of ceramic loadings and they all exhibited
almost identical behaviours. It should be noted in Fig. 2, that
the mass percent achieved post the decomposition of all the
organic matter from the green body was almost the same as

55% 3-YSZ
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Fig. 3 - TGA/DSC curves corresponding to the photoresin
loaded with 55% of 3-YSZ.
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Fig. 4 - Evolution of the relative density vs ceramic loading
in 3D printed cubes sintered at 1500 °G for 6 h (ramp rate
5Kmin~?).
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Fig. 5 - XRD patterns of 8-YSZ (a) and 3-YSZ (b) as raw
powder and after 3D printing process and sintering at
1500 °C. m denotes monoclinic and t tetragonal in the case
of 3-YSZ.

that of the original mass percent of the ceramic in the photoac-
tive resin. This indicates that there are no significant solvent
losses during post processing. In our initial experiments, after
the 3D printing process, the green bodies were fired directly
at high temperatures, which resulted in complete crashing of
the objects. After analysing the TGA on the green bodies, the
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5

20k¥

Fig. 6 - SEM micrographs of 3D printed 3-YSZ sintered at 1200 °C: (a) 25%, (b), 45%, (c) 60% 3YSZ loading, (d) cross-sectional

view of 60% 3-YSZ.

sintering process included a previous drying stage to evap-
orate the volatile solvents at 140°C. At that temperature
solvents are removed, and resin starts to decompose leading
to a brown body, which can be sintered at high temperatures
rendering objects without delamination or cracks.

The printing process occurs when the diacrylate
monomers and oligomers polymerise when exposed to
the UV radiation in the presence of the PI. As the target in
this case is to print out a polymer-ceramic composite, it
is very important to determine the range of ceramic load-
ings that lead to printable resins. Under our experimental
conditions, loadings below 25% weight of ceramic resulted
in printable resins, though upon sintering the structures
collapsed. Higher ceramic loadings allow the fabrication of
objects which retain their morphology upon sintering. When
analysing the resulting relative density of the 3D printed
ceramics as a function of the ceramic loading for a given
sintering temperature, higher solid loadings render gradually
higher final relative densities up to 55-60%. At that point,
higher ceramic contents do not render denser objects and
therefore it could be considered as the saturation point (Fig. 4).
It should be noted that adding higher ceramic loadings result
in sintered objects covered with loose powder, which may be
interpreted as further evidence of the saturation point of the
photoresins used in the present work. Higher densities may
be achieved via modification of the sintering treatments, e.g.
using higher sintering temperatures for prolonged periods of
time, modification of the photoactive resin to include organic
binders or even debinding under non-oxidising conditions
[21].

XRD experiments were performed on both the raw pow-
ders and the objects after sintering to monitor whether any
phase changes occur upon the entire process. In the case of
alumina and 8-YSZ no changes were observed and the origi-
nal phases were retained throughout the process (Fig. 5a). On
the other hand, 3-YSZ was originally a 50:50 mixture of mono-
clinic and tetragonal zirconia and after sintering the powders
had evolved to tetragonal zirconia mostly although some cubic
peaks can also be detected (Fig. 5b). A similar behaviour has
been observed when sintering the raw 3-YSZ powders. These
results indicate that the 3D printing process does not have
any impact in phase stability compared to more conventional
processing techniques.

We analysed the SEM images of the 3D printed specimens
with ceramic loadings varying from 25 to 60%, sintered for 6 h
in the 1200-1500°C temperature range, using a ramp rate of
5°C/min. The results were similar for alumina, 3-and 8-YSZ.
The SEM micrographs in Figs. 6-9 all correspond to 3-YSZ for
comparison. It is clear that the lowest sintering temperature,
i.e. 1200 °C, renders poorly sintered microstructures with high
porosity and small grain size (Fig. 6). The highest ceramic
loadings render somewhat denser microstructures although
it is rather difficult to discern just by SEM. The layers at the
crossection, although defined, are covered with unsintered
3-YSZ grains. A similar situation was found at 1300°C with
somewhat better defined grains (Fig. 7). As the sintering tem-
perature increases, i.e. 1400 °C (Fig. 8) the grain appears clearly
defined and their size is notably larger and the microstructure
is more compact. The cross-sectional view (8d) appears much
better resolved as a result. In the case of specimens sintered
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20kV" . X4,000

Fig. 7 - SEM micrographs of 3D printed 3-YSZ sintered at 1300 °C: (a) 25%, (b) 45%, (c) 60% 3YSZ loading, (d) cross-sectional
view of 60% 3-YSZ.

X4,000 ‘Spm

Fig. 8 - SEM micrographs of 3D printed 3-YSZ sintered at 1400 °C: (a) 25%, (b) 45%, (c) 60% 3YSZ loading, (d) cross-sectional
view of 60% 3-YSZ.

at 1500°C a distinguishable dense packing of the grains were densities as the extra ceramic appear loosely adhered to the
observed (Fig. 9), displaying a much more compact microstruc- surface rather than being a part of the specimen.
ture compared to those sintered at lower temperatures. As Another remarkable effect of sintering on the microstruc-

mentioned above, higher solid loadings did not render higher ture of ceramics is the shrinkage which also affects to the
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Fig. 9 - SEM micrographs of 3D printed 3-YSZ sintered at 1400 °C: (a) 25%, (b) 45%, (c) 60% 3YSZ loading, (d) cross-sectional

view of 60% 3-YSZ.
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Fig. 10 - Evolution of the layer thickness as a function of
the sintering temperature. Layer thickness in the 3D
printed green bodies was set at 50 pm in all cases.

layer thickness and therefore to the resolution along the z-
axis. In the case of polymers, the resolution along the z-axis
depends on the layer thickness, which is a parameter that can
be defined by the user. In the case of ceramics, the final layer
thickness will also depend on the sintering process, which in
turn depends on the ceramic loading, temperature, time, ramp
rate, etc., as discussed above. To illustrate this, several cylin-
ders containing 60% of 3-YSZ were 3D printed with a layer
thickness of 50 um and then fired at 1200°C, 1300°C, 1400°C
and 1500°C for 6h at a 5Kmin~! ramp rate. The contrac-
tion of the layers was large in all cases and became gradually

larger upon increasing the temperature as shown in Fig. 10. In
other words, the resolution along the z-axis may be reduced
upon sintering in the case of ceramics. Analogously contrac-
tion along the xy plane also occurs, typically 50-60% when
firing up 3- and 8-YSZ at 1400 and 1500°C for 6h, which is
higher than in the case of pressed raw powders. Nevertheless
further research must be performed to discern whether such
dimensional changes may affect the properties of the resulting
ceramics.

As mentioned in the experimental section, photogram-
metry and SfM were used to evaluate the accuracy of the
3D printing process. As shown in Table 1 and Fig. 11, there
exists a marked deviation from the CAD model and the result-
ing 3D printed cylinders. Nevertheless the analysis of the
distances between the equivalent cylinder (FITTED) and the
reconstructed 3D model (ORIG) is homogeneous along the bod-
ies. Several aspects must be highlighted: first, the central parts
of the cylinders show rather small deviations, whereas the
bases exhibit much larger deviations and the aspect is far
more irregular. Indeed, parallelism is lost in the top part of the
cylinders compared to the bottom base. One may think that
such deviation between the printed object and the model is
due to poor quality of the printing. However, previous work on
commercial polymeric resins using the same DLP printer did
not show such deviations. Therefore, the discrepancy between
model and green body must be related to processing param-
eters. The ceramic-loaded resins used in the present work
contain rather volatile solvents (ethanol). Ethanol evaporates
upon the printing process as the UV source heats gradually the
vat containing the resin (at an estimated rate of 4°C/h) and
moreover the postprocessing implies washing with alcohols
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Table 1 - Area, volume and shrinkage values from REF and FITTED cylinders.

Reference CAD model Fitted green body model Green body shrinkage
Area (mm?) Volume (mm?) Area (mm?) Volume (mm?) Area (%) Volume (%) V/A
C2-45% 471.24 785.40 348 490.99 26.2 37.5 1.43
C2-55% 471.24 785.40 430.65 685.63 8.6 12.7 1.48
C3-45% 471.24 785.40 410.96 639.39 12.8 18.6 1.45
C3-45% 471.24 785.40 396.91 602.35 15.8 233 1.47
Cylinder 1 Cylinder 2
C2C absolute distances C2C absolute distances
0.043202 0.067054
0.039813 0.062407
0.038118
0.057760
0.036423
0.034729 0.053112
0.033034
0.031340 0.048465
0.029645
0.027794 0.043818
0.025944
0.039170
0.024093
0.022242 0.034523
X
P 0.020391 0020875
< 0.018540 .
0.016689 0.026143
0.014839 0.022410 ‘
0.012988 0.018677
0.011137
0.009286 © 0.014944
0.007435 S ootren
0.005585 0.007479
0.003734
0.001883 0.003746
0.000032 0.000013
0.6 ) 0.6
C2C absolute distances C2C absolute distances
0.037493| 0.217051
0205874 1
0.034910
0.194698
0.032322 0.183521
0.172344]
0.161167|
0.149991
0.138814
0.127637|
0.116460
0.019382
0.105284
ﬂ\(; 0.016794|
o 0.094107
0.014696 | 0.082930
0.012599, 0.071754]
0.010501 0060577

0.008404

0.006306

0.004209

0.002111

0.000013

0.6

0.049400

0.038223]

0.028678

0.019132
0.009587 b
0.000041

‘ i

0.6

All values are in cm

Fig. 11 - Distance analysis of the cloud points ORIG vs. FITTED for 4 green bodies cylinders.

and UV exposure (local heating). In other words, the prin-
ting conditions are modified during fabrication and to make
things worse the green body loses volatiles. The sintering pro-
cess does not mitigate that effect and indeed, some of the

samples sintered at high temperatures exhibit irregular sur-
faces especially on the top base (Fig. 2f). To minimise these
effects, several strategies may be applied. For instance,
ethanol could be replaced by alcohols exhibiting a higher
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boiling point as is the case of 2-butanol. Another interesting
approach would be a modification in the DLP printer vat to cou-
ple a refrigeration system to keep the temperature constant
throughout the entire 3D printing process.

Conclusions

In this work we present a low-cost DLP-based 3D printing
technique as a potential manufacturing technique for highly
relevant ceramics such as alumina, 3-YSZ and 8-YSZ. Photoac-
tive resins for the 3D printing process were prepared by mixing
25-60 wt% ceramic with poly (ethylene glycol) diacrylate and
a photoinitiator dissolved in ethanol that after exposure to
the UV light from a commercial DLP projector rendered cured
layers of a polymer-ceramic composite. The 3D object is
generated by piling up consecutive layers that after drying
and sintering render specimens with thermal stability. The
ceramic loading in the resin plays a relevant role, which a
direct effect on the final density of the ceramic. Neverthe-
less, there is a saturation point at approximately 60% ceramic
loading, where the extra ceramic powder does not get in to
the photoresin and hence appears as a loose powder badly
adhered to the surface of the sintered object. Further improve-
ment in the sintering process may be achieved by modifying
the debinding conditions, which will be the subject of a future
work.

Photogrammetry and SfM were used to evaluate the accu-
racy of the 3D printing process and revealed discrepancies
between the CAD model and the green body obtained, espe-
cially in the top part of the specimens, ie. corresponding
to the last layers. As the solvent used in the present work
was very volatile and the temperature increased gently during
the experiments, the properties of the photoresin are chang-
ing as well and that could perfectly explain the deviations
observed. Nevertheless, this methodology has proven a rela-
tively simple and elegant way to determine the real geometry
of the printed objects and further comparison with the original
models.
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