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A B S T R A C T   

With the median age of the population steadily rising, the rate of bone disorders increases as well, making the 
need of bone implants more and more urgent in our society. However, manufacturing of synthetic bioimplants 
requires high flexibility of the process and materials with sufficient mechanical strength and biocompatible 
properties. This paper is devoted to the printing of β-tricalcium phosphate (β-TCP) by stereolithography. The 
suspensions or pastes containing the photosensitive-resin mixed with β-TCP powder were assessed for the 
following parameters: rheological behaviour, thermal degradation of photo-cured samples, quality of green and 
sintered parts. It appeared that the composition of the photo-sensitive resin influences the viscosity of the paste. 
However, no direct correlation could be drawn between the viscosity of the photo-sensitive resins and the vis-
cosity of the whole paste. A hypothesis is that the chemical structure of the monomers composing the photo- 
sensitive resin also impacts the viscosity of the paste. A thermal debinding cycle was built from the thermog-
ravimetric analysis of the photo-cured samples. The structure of the post printed (green) parts and final parts 
(parts after debinding and sintering) was evaluated. It appeared that the pastes with the lowest viscosity were the 
easiest to process, and that the green parts made with these pastes were the easiest to clean, reducing the number 
of defects in the sintered parts. Process optimisation was also assessed. Different light parameters were evaluated, 
and it appeared that reducing the light power during the printing improved the resolution as well as the quality 
of the sintered parts.   

1. Introduction 

Additive manufacturing of ceramics is used as an alternative to other 
conventional processes and allows the fast production of objects with 
complex shapes [1]. Stereolithography (SLA), enabling the printing of a 
green object through the layer by layer photo-polymerisation of a 
ceramic loaded photosensitive paste, is one of the technologies 
providing the best accuracy and resolution [2]. Considering the 
increased need of bone implants due to the rising median age of the 
population [3], the SLA process, applied to bio-ceramic parts 
manufacturing for custom-made implants, is of great interest in the or-
thopaedic field. 

Concerning the materials, Hydroxyapatite (HA) and β-tricalcium 
phosphate (β-TCP) appear both as materials of choice for bone implants: 
they are stable and their apatitic structure and chemical composition is 
close to the mineral part of bones [4], making them compatible to the 

human body [5]. Moreover, the osteoconductive quality of both mate-
rials allows the guiding and remodelling process of natural bone growth. 
However, while β-TCP is bioresorbable (i.e. it rapidly dissolves in the 
human body as the new bone reforms) due to its low dissolution rate [6], 
HA does not have that quality. 

Consequently, using SLA with either HA or β-TCP powders could 
provide objects with complex geometries, good stability and biocom-
patibility [4,5]. In SLA process, photo-sensitive resin composed of 
monomers and a photo-initiator are mixed to ceramic powder to prepare 
pastes with adequate rheological properties. However, currently very 
few pastes containing calcium phosphate materials are available on the 
market, and most of the parts made with these pastes via SLA still pre-
sent many defects such as cracks and delaminations [7]. Nonetheless, 
the production of macro-porous parts with a sufficient mechanical sta-
bility for some applications is possible for some commercial pastes [8]. 

The green parts, obtained at the end of the printing with an SLA 
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machine, are composed of two materials: the ceramic powder and the 
photo-polymerized resin (in which the ceramic powder is trapped). 
Debinding and sintering steps are therefore necessary to obtain dense 
and pure ceramic parts. Several studies show that the debinding is the 
most critical step of the process [9,10]. Indeed, the removal of the 
photopolymer network either by decomposition or evaporation during 
the debinding step generates a lot of pressure in the parts, causing cracks 
and delamination. In order to avoid the appearance of such defects, 
different options have been considered, the optimisation of the 
composition of the resin being one of them. However, there are 
numerous criteria needed for a paste to be printable: a low viscosity at 
low shear rate, in the range of 5–10 Pa s for shear rates between 0 and 
300s− 1 [11], a shear-thinning behaviour [9,10], 13], and a sufficient 
light reactivity providing a strong polymer network and adhesion be-
tween each layer [2,14]. 

The viscosity of the pastes is influenced by two factors: the compo-
sition of the photo-sensitive resin and the solid loading [9]. Moreover, in 
order to obtain a shear thinning behaviour, a dispersant is needed to 
prevent the powder from agglomerating, causing an unwanted 
shear-thickening effect [15]. The adhesion between the layers is deter-
mined by the cure depth, which depends on the following parameters: 
the nature of the photo-initiator, its concentration, the energy dose 
given by the machine, the reactivity of the resin, the amount of powder, 
its refractive index and its colour [16]. 

Acrylates, due to their high penetration depth [7,17–19], are the 
monomers often used for the resin formulation needed in SLA. There are 
two main types of SLA machines depending on their light source: ma-
chines operating with a laser [20] and machines using a dynamic light 
projector (DLP) [21]. In this work, emphasis will be given to the ma-
chines working with a DLP. 

The obtaining of an effective cure [22] of the photo-sensitive resin 
depends on an overlap between the emission spectrum of the light 
source and the absorption spectrum of the photo-initiator. For example 
diphenyl (2,3,4-trimethylbenzoyl) phosphine oxide (TPO) and (2,3, 
4-trimethybenzoyl) phosphine oxide (BAPO) are often chosen when 
working with light around 405 nm [23–25]; whereas the 2,2-dime-
thoxy-1,2-phenylethan-1-one (DMTPA) which absorbs in the range of 
220–380 nm is chosen for a light of 355 nm [16]. 

Information on the composition of the pastes, in particular con-
cerning the formulation of the resin, is generally absent from the liter-
ature. The objective of this work is to give an overview on the possible 
resin composition and the influence of each component on the rheo-
logical behaviour of the paste, its printability and the thermal degra-
dation of the green parts. Moreover, the cleaning of the parts is also 
shortly assessed, and the microstructure and density of the final objects 
is evaluated. 

2. Materials and methods 

2.1. Raw materials for the ceramic paste 

The β-TCP powder was synthesised through aqueous precipitation 
from di-ammonium phosphate solution ((NH4)2HPO4, 98.0–102.0%, 
Carlo Erba, France) added to calcium nitrate solution (Ca(NO3)2⋅4H2O 
> 98.0%, Honeywell, Germany) inside a double-wall reactor. This 
method is well-known and documented in the literature [26]. The 
addition speed of the (NH4)2HPO4solution, pH and temperature were 
controlled throughout the whole process. The pH was kept at 6.7 using 
ammonium hydroxide (NH4OH 30%, Carlo Erba, France) and the tem-
perature fixed at 31 ◦C. The extracted precipitate was filtered, dried and 
calcined at 850 ◦C during 3 h. The raw powder, obtained after calcina-
tion, presents a density of 3.07 g cm3. The mineralogical composition of 
the produced powder, as well as the sintered parts, were evaluated with 
X-Ray Diffraction (XRD) using a diffractometer RIGAKU Miniflex 600. 
Measurements were performed for θ angles between 20 and 60◦ as 
described in the literature for β-TCP [27,28]. 

The chosen photo-initiator for this study, diphenyl (2,3,4-trime-
thylbenzoyl) phosphine oxide (TPO), was purchased from Sigma 
Aldrich. For the photosensitive resin, five acrylate monomers were also 
purchased from Sigma Aldrich: two diacrylates (1,6-hexanediol dia-
crylate, HDDA) and tetraethylene glycol diacrylate, TGDA)), one tri-
acrylate (Trimethylopropane trimethacrylate, TTA)) and one 
methacrylate (2-hydroxyethylmethacrylate, HEMA)). The molecular 
weight of these chosen monomers are: MnPEGDA = 575.0, MnTTA = 338.4, 
MnTGDA = 302.3, MnHDDA = 226.3, MnHEMA = 130.1. Polyethylene glycol 
200 (PEG 200, Sigma Aldrich) was added as a non-reactive diluent and a 
phosphate ester (Zelec P312, Sepan Europe), was used as a dispersant. 

2.2. Preparation of pastes 

The two components of the paste (the photo-sensitive resins and the 
powder) were prepared separately before being mixed. 

The photo-sensitive resins were prepared by mixing together, in an 
opaque container, monomers and the photo-initiator during 2 h with 
rotary mixer. The photo-initiator was added in a concentration of 1 wt% 
to the monomers weight. 

To avoid the formation of agglomerates during the mixing of the 
powder and the photo-sensitive resins, a pre-coating of the powder with 
a dispersant was carried out. Amounts of dispersant in the range of 0.2 to 
2 wt% of the powder were tested. The coating of the dispersant around 
powder particles was achieved as follows: the dispersant was added in 
an ethanol suspension containing 50 wt% of β-TCP powder. Subse-
quently, ball milling of the suspension was achieved using 2 mm 
diameter zirconia beads overnight in a rotary mixer. The ethanol was 
then removed by evaporation at 80 ◦C, and the coated powder was dried 
at 105 ◦C. During this process, the dispersant is adsorbed around the 
particles, providing both steric and electric repulsion between the par-
ticles once the powder was mixed with the resin [18]. This repulsion 
avoids agglomeration, reduces the viscosity of the paste and enables a 
higher solid load. 

The goal set in this work was to have printable pastes made with at 
least 47 vol% of powder in order to obtain high green density and 
consequently improve the densification during the sintering process. 
The coated powder was added progressively in the resin and mixed in a 
rotary mixer with 1 cm diameter zirconia beads (to homogenise the 
paste) during 1 h. The advantage of using 1 cm diameter zirconia beads 
is that the mixing of the powder in the photo-sensitive resin was 
improved and that they can easily be removed after the process. The as- 
obtained paste went through a three-roll mill to improve its homoge-
neity and eliminate the agglomerates. 

2.3. Printing with the stereolithography technique 

Parts were shaped with an SLA machine working with a dynamic 
light projector (DLP) (Admaflex 130, Admatec Europe, NL). The DLP 
uses LEDs to project light at 405 nm and enables the curing of the whole 
layer at once. The resolution of the machine is 2560 × 1600px for an 
area of 135 × 85 mm. The machine combines the tape casting technique 
with SLA. The paste is placed in a reservoir and a thin layer of paste is 
cast on a plastic film as it moves under a doctor blade. Then, the building 
platform goes down to the wanted layer thickness and the light is pro-
jected from below the film, enabling the curing of the paste. The 
remaining uncured paste is pumped back with a wiper seal and a peri-
staltic pump into the reservoir to avoid waste. The light parameters such 
as LED power, given as a percentage of the maximum power of the 
projector, and exposure time were modified to evaluate their effect. 

The tape casting technology presents the advantage to prevent the 
parts from being in a vat surrounded by uncured material. It allows the 
easy recovering at the end of the printing and reduces the cleaning 
thanks to the absence of uncured material around the parts during the 
process. 

To avoid the formation of defects in the parts (Fig. 1), a 
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homogeneous layer of paste on the film is required. This means that in 
order to achieve a homogeneous recoating with the tape-casting process 
[11,12] and avoid leaking below the doctor blade, the paste’s rheolog-
ical behaviour should be shear-thinning and its viscosity in the range of 
5–10 Pa s at low shear rates (below 300s− 1) [29]. Consequently, the 
printability of the paste has to be evaluated in the light of its viscosity 
and the appearance of the layer spread on the film. 

Two designs were selected to begin the printing tests: a microporous 
cube, 12 mm side with 2.4 mm holes and a pellet of 12 mm diameter and 
3 mm thickness. The cube was chosen in order to evaluate the resolution 
by looking at the size and definition of the holes. The pellet was chosen 
to easily measure the density of sintered samples. 

After the printing process, the parts were removed from the platform 
and cleaned with ethanol which enabled the cleaning of the uncured 
paste without damaging the samples. Two cleaning methods for the 
removing of the uncured paste in the printed parts were tested: in the 
first method, the parts were cleaned with ethanol directly after printing, 
dried and left at room temperature. In the second method, the parts were 
immersed in ethanol and placed in an ultrasonic bath before being dried 
and left at room temperature. 

Then, the cleaned parts were debinded and sintered according to the 
cycle presented in Fig. 2, deduced from the thermogravimetric analysis 
discussed in part 4. 

2.4. Characterizations 

The rheological behaviour was studied with a Haake Mars III 

rheometer (ThermoFisher Scientific), using a cone plate 1◦ configura-
tion, in rotation mode at a regulated temperature of 22 ◦C for shear rate 
in the range of 0 to 600s− 1 in 600 s. Then 600s− 1 was held for 30 s and 
finally the shear rate went back to 0s− 1 in 600 s. 

The thermal degradation of the different cured resins in the green 
parts was controlled by thermogravimetric analysis (TGA, LINSEIS) in 
air (100 ml/min) between 25 ◦C and 550 ◦C with a temperature ramp of 
10 ◦C/min. 

The photo-polymerisation thickness was determined by illuminating 
a layer without any building platform and by measuring the cured 
sample with a calliper. 

Illumination tests were performed on both the resin alone and on the 
paste. The tested material was put on a transparent plastic film, placed 
on the machine and illuminated with the projector at the chosen light 
parameters. For the first trials, the light parameters were 85% of light 
power during 2.5s, before being adapted to each paste. In order to es-
timate the reactivity of the resins, the uncured resin was weighted before 
illumination and the cured part of the resin was weighted after illumi-
nation. The photo-polymerisation rate was estimated by comparing the 
initial mass of the resin to the mass of the cured sample. The conversion 
rate was calculated as (Eq. (1)): 

Converstion rate=
Mass of the cured sample
Initial mass of the resin

(1) 

The Archimedes’ principle was used to determine the open porosity 
of sintered samples. The samples were dried in an oven at 105 ◦C 
overnight before measurements. The samples were placed under water 
during 2 h in a vacuum bell jar, then vacuum (around 2 kPa) was held for 
2 h. Directly after, the samples were weighed, first under water, then 
under air to establish the wet mass. 

The surface quality and the microstructure of the green and sintered 
samples were evaluated using an optical microscope and low vacuum 
(<10 mPa) scanning electron microscopy (SEM) (JCM-6000 JEOL 
Europe). Samples have been coated with platinum under vacuum using 
an evaporating system JEOL JFC-1300 before SEM observations. 

3. Results 

3.1. Reactivity and rheological behaviour of the resin components 

When mixed with 1 wt% of photo-initiator and illuminated at 85% of 
LED power during 2.5s, the various tested acrylates monomers pre-
sented different photo-polymerisation rates assimilated here to the 
conversion rates (Table 1). Observations were also made on the texture 
of the samples. The experiment was conducted 3 times and an average of 
the mass was calculated. The collected data are presented in Table 1. 

In order to provide mechanical stability to the green part, the resin 
must have sufficient reactivity and lead to a strong photopolymer 
network. The reactivity of the resin depends on the number of functional 

Fig. 1. Example of a homogeneous layer of a suspension loaded with 48 vol% 
of β-TCP (black arrow) spread on the film in an Admaflex 130 machine. 
Reservoir on the right of the image with the tube connecting it to the slurry 
wiper (not shown here). 

Fig. 2. Debinding and sintering cycle under air for β-TCP parts printed with the Admafex 130 machine.  
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groups in the monomers, its viscosity and the light curing parameters of 
the machine. 

The TTA proved to be the monomer with the highest conversion rate 
under these experimental conditions. However, TGDA and HDDA were 
the monomers that provided the hardest samples, whereas TTA led to 
soft and friable samples. Finally, HEMA did not polymerise in the con-
ditions of this experiment. 

The reactivity of the monomers and their viscosity are intrinsically 
linked [30], therefore the viscosity of each monomer was evaluated. The 
results, presented in Fig. 3, showed that all the monomers have a 
Newtonian behaviour, their viscosity does not depend on the shear rate 
and can be determined using the slope of the lines: the higher the slope, 
the higher the viscosity [31]. 

The TTA is the acrylate monomer with the highest viscosity. HDDA 
and HEMA are the monomers with the lowest viscosity. 

Tables 2 and 3 show the results of a second photo-polymerisation test 
that was done on mixtures of monomers. Considering that TGDA led to 
hard samples and presented a low viscosity compared to TTA, it was 
chosen as the main component of the mixtures. For this test, two sets of 
light parameters were chosen: 85% of LED power during 2.5 ms 
(Table 2) and 50% of LED power during 1.5s (Table 3). 

As shown in the tables, the light parameters of 85% of LED power and 
2.5s of exposure time led to higher conversion rates for all the tested 
resin mixtures. For these illumination conditions, the differentiation 
between samples was difficult. 

On the other hand, with the light parameters 50% of LED power and 
1.5s of exposure time, it appeared that all the resins prepared with TTA 

(2, 4 and 5) led to the same conversion rate: 0.5%, that was also the 
lowest conversion rate. Considering that a high mechanical strength is 
needed for the green part, therefore the TTA does not appear as a good 
choice for the resin composition to prepare paste. 

The resin with the highest conversion rate is the resin 3 containing 
TGDA HDDA and PEG 200. The resin 1 containing only TGDA and HDDA 
has a lower conversion rate than the resin 3, therefore PEG 200 appeared 
to be an interesting additive. 

3.2. Printability of ceramic paste 

Using a mixture of TGDA (as the main component), HDDA (as the co- 
monomer with the lowest viscosity), and PEG 200 (as the non-reactive 
diluent), pastes with 47 vol% (around 71 wt%) of β-TCP powder were 
prepared with different quantities of dispersant from 0.2 to 0.7 wt% of 
the β-TCP powder. 

The paste prepared with 0.2 wt% of dispersant presented a clear 
shear-thickening behaviour after mixing, with high agglomeration, 
disqualifying this paste from further rheological analysis. 

The viscosity of the various pastes measured at 100 and 200s− 1 are 
presented in Fig. 4. For the three pastes, the viscosity was lower at the 
highest shear rate: 200s− 1 and the lowest viscosity values for both shear 

Table 1 
Evaluation of the reactivity of the monomers mixed with 1 wt% (of the monomer 
weight) of diphenyl (2,3,4-trimethylbenzoyl) phosphine oxide (TPO). 1 g of each 
resin was illuminated at 85% of LED power during 2500 ms.  

TGDA 
Mn =
302.3 

HDDA 
Mn =
226.3 

TTA 
Mn =
338.4 

HEMA 
Mn =
130.1 

TPO 
(g) 

Conversion 
rate (%) ( 
±0.10%) 

Texture 

100%    1% 0.65 Hard 
sample  

100%   1% 0.59 Hard 
sample   

100%  1% 0.78 Soft and 
friable 
sample    

100% 1% 0 No 
sample  

Fig. 3. Rheological behaviour of the monomers (shear stress (τ) versus shear rate (γ̇)).  

Table 2 
Reactivity of mixtures of monomers with 1 wt% of TPO and illuminated at 85% 
of light power during 2500 ms.   

TGDA HDDA TTA PEG TPO Conversion rate ( ±0.10%) 

1 90% 10%   1% 0.95 
2 70% 10% 20%  1% 0.90 
3 75% 8%  17% 1% 1,00 
4 58% 8% 17% 17% 1% 0.85 
5 55% 9% 18% 18% 1% 0.90  

Table 3 
Reactivity of mixtures of monomers with 1 wt% of TPO and illuminated at 50% 
of light power during 1500 ms.   

TGDA HDDA TTA PEG TPO Conversion rate ( ±0.10%) 

1 90% 10%   1% 0.75 
2 70% 10% 20%  1% 0.50 
3 75% 8%  17% 1% 0.95 
4 58% 8% 17% 17% 1% 0.50 
5 55% 9% 18% 18% 1% 0.50  
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rates corresponded to 0.5 wt% of dispersant. Therefore, this amount of 
dispersant was chosen to conduct the remainder of the experiments. 

Nine photo-sensitive resins were prepared with the selected mono-
mers: TGDA, HDDA, TTA, HEMA and PEG 200, and their viscosities were 
measured between 0 and 600s− 1. The photo-sensitive resins are also 
Newtonian fluids, their average viscosity was calculated and reported in 
Table 4. The mixture of different monomers allowed the covering of a 
range of viscosity from 22 to 12 mPa s. 

Pastes with 47 vol% of powder were prepared from these resins, their 
composition is reported in Table 4. The viscosity of each paste was 
measured between 0 and 600s− 1, the shear stress versus the shear rate is 
plotted in Fig. 5. The rheological behaviour of the pastes was not 
Newtonian, their viscosity depended on the shear rates, therefore it was 
not possible to obtain an average viscosity but in order to facilitate the 
comparison between the pastes, the dynamic viscosity of each paste was 
measured at the specific shear rate of 100s− 1 and reported in Table 4. 

It was not possible to prepare homogeneous pastes with the two 
samples having the higher viscosity, i.e. sample resins R1 and R2. 
Consequently, their rheological behaviour could not be evaluated. 

The viscosities of the pastes at 100s− 1 were between 3.5 and 7.6 Pa s. 
However, no obvious correlation between the resins viscosities and the 
pastes viscosities could be established. Indeed, the classification of the 
pastes using their viscosity from the lowest viscosity to the highest is as 
follows: S6 < S7 < S4 < S9 < S8 < S3 < S5, whereas the classification of 
the pastes using the resins viscosities from the lowest to the highest is 
different: S3 < S4 < S5 and S6 < S8 < S7 and 9. 

For the pastes S5, S3, S8 and S7, the evaluation of the rheological 
behaviour became impossible up to 600s− 1, as their too high viscosity at 
high shear rates made the measurements with this configuration 
inaccurate. 

The viscosity versus shear rate of the pastes with the lowest viscos-
ities was plotted in Fig. 6. The decrease of their viscosity with the in-
crease of the shear rate showed their shear-thinning behaviour. 
Moreover, for shear rates from 20 to 600s− 1, the viscosity of the pastes 
was below 10 Pa s which is the suitable viscosity for SLA printing with 
tape-casting [11]. 

3.3. Thermal degradation patterns depending on the polymeric phase 

The impact of the resin composition on the thermal degradation was 
studied with the pastes S1, S3, S6 and S7. Cured samples of each paste 
for the thermogravimetric analysis were obtained by illuminating few 
ml of the paste spread onto the plastic film of the SLA device. Ther-
mogravimetric curves of the cured samples corresponding to the pastes 
S1, S3 and S6 are presented in Fig. 7. 

Two samples were cured from the suspension S7 with two sets of 
light parameters to check the influence of the LED power on the thermal 
degradation of the photopolymer network:  

- LED power = 70%; exposure time = 4.5s (a)  
- LED power = 50%; exposure time = 4.5s (b) 

The thermogravimetric analysis of the cured samples are presented 
in Fig. 8. 

For the paste S1 (48 vol% of β-TCP powder with 0.5 wt% of disper-
sant, TGDA and 1 wt% of TPO), the weight loss started around 250 ◦C 
and was brutal up to 400 ◦C, where a small slowdown was observable. 
The organic phase was completely eliminated after 470 ◦C. 

For the paste S3 (48 vol% of β-TCP powder with 0.5 wt% of disper-
sant, TGDA, HDDA and 1 wt% of TPO), the mass loss began slowly at 

Fig. 4. Viscosities (Pa.s) of pastes, prepared with similar resins containing TGDA, HDDA and PEG 200 and loaded with 47 vol% of β-TCP powders containing 
different amount of phosphate ester dispersant, at different shear rates.100s− 1 200s− 1.. 

Table 4 
Resin and corresponding paste rheological measurements at 100 s− 1.  

Resins TGDA (R1) R2 R3 R4 R5 R6 R8 R7 R9 

Resins’ viscosity (Pa. 
s) ( ±0.0001) 

0.022 0 .022 0.017 0.016 0.015 0.015 0.013 0.012 0.012 

Resins’ composition 
(wt%) 

TGDA 85%TGDA 5% 
HEMA 10%PEG 
200 

80%TGDA 
20%HDDA 

60%TGDA 
30%HDDA 
10%PEG 200 

70%TGDA 
30%HDDA 

50%TGDA 
40%HDDA 
10%PEG 200 

60%TGDA 
40%HEMA 

40%TGDA 35% 
HDDA 15%HEMA 
10%PEG 200 

55%TGDA 
45%HDDA 

Pastes S1 S2 S3 S4 S5 S6 S8 S7 S9 
Pastes’ viscosity at 

100 s− 1 (Pa s) ( 
±0.4) 

Non 
measurable 

Non measurable 7.0 4.4 7.6 3.5 5.8 3.8 4.5  
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100 ◦C before dropping brutally at 320 ◦C and slowing down again 
around 400 ◦C. The mass loss stopped after 490 ◦C. 

For the paste S6 (48 vol% of β-TCP powder with 0.5 wt% of disper-
sant, TGDA, HDDA, PEG 200 and 1 wt% of TPO), the mass loss started 
slowly around 80 ◦C before dropping brutally around 320 ◦C. Then the 
thermal degradation pattern was similar to the one observed for S3. 

The sample illuminated with the highest light power (a) showed no 
sign of thermal degradation before 250 ◦C, whereas for the parts illu-
minated with lower LED power (b) the thermal degradation began 
around 90 ◦C. Moreover, for the sample illuminated with the lowest LED 
power (b) at 250 ◦C, 3.7 wt% of photopolymer had already been 
eliminated. 

3.4. Drying, debinding sintering and characterization of the final parts 

The designs selected for the printing tests (mentioned in point 2.3) 
are represented in Fig. 9. 

Considering the previous results (Table 4, Figs. 5 and 6), the pastes 
S6 and S7 were the ones with the lowest viscosities. Such viscosities 
enabled a homogenous spread of the pastes onto the plastic film of the 
SLA machine. Therefore, pastes with the same compositions were pre-
pared and used for the printing tests. The composition of the resins is 

Fig. 5. Rheological behaviour (shear stress (τ) versus shear rate (γ̇)) of suspensions made from different resins (resin’s composition are given in Table 3) the 
measurements were carried three times and an average curve was plotted (standard deviation± 0.4 Pa s). 

Fig. 6. Viscosity versus shear rate for the suspensions (loaded with 47 vol% of 
powder) with the lowest viscosities (the measurements were carried three time 
and an average curve was plotted). 

Fig. 7. Thermogravimetric analysis of cured suspension S1, S3 and S6 prepared 
with different resins: S1 = 100%TGDA, S3 = 80%TGDA 20%HDDA, S6 = 50% 
TGDA 40% HDDA 10%PEG and illuminated at 85% of LED power during 2.5s. 

Fig. 8. Thermogravimetric analysis of cured suspension made with 40%TGDA 
35%HDDA 15%HEMA and 10%PEG 200 (S10) illuminated at 50% of LED 
power during 4.5s and 70% of LED power during 4.5s. 
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reminded in Table 5 and the light parameters used to print the parts are 
presented in Table 6. 

Microscopic images of the printed parts I1 to I4 are presented in 
Fig. 9. I1 (A) presented a poor resolution: the holes were smaller than the 
ones on the original 3D design, there was a lot of overcuring and some of 
the holes were obstructed. A better resolution with square-shaped holes 
that were not obstructed has been observed for I2 (B), but a lot of over- 
curing made them smaller than the ones on the 3D design. I3 (C) pre-
sented the worst resolution: all the holes were obstructed and not 
square-shaped. Moreover, I3 was not finalized, as the part dropped 
during the printing process; considering the very poor resolution of this 
part, this experiment was not reconducted. I4 (D) presented the best 
resolution with square shaped and unobstructed holes. 

The removal of the excessive uncured material is an important step in 
the cleaning process, especially in microporous structures where un-
cured paste can obstruct the holes [18]. Two cleaning methods with 
ethanol were tested: with and without sonication. The pellet cleaned 
with sonication (Fig. 11) showed small impacts on its surface; this effect 
did not occur on the part cleaned without sonication (Fig. 12). 

After cleaning the parts, the cured polymer was removed by thermal 
debinding and the ceramic scaffolds obtained were sintered following 
the thermal cycle presented in Fig. 2. The sintered scaffolds are pre-
sented in Fig. 10. 

I2 (B) and I4 (D) appeared to be the parts with the least number of 
defects after thermal treatment. I1 (A) and I3 (C) presented large cracks 
and delamination. 

SEM analysis was performed on one of the sides of each sample 
(Fig. 14). The micrographs are presented in Fig. 15. 

On the SEM micrograph of sample I1 (A), many defects are visible 
(highlighted with red arrows and circle): the printed layers formed a 
“stair”-like pattern on the surface. The same observation has been made 
for sample I2 (B), but with larger pores. Samples I3 (C) and I4 (D) pre-
sented a smoother surface compared to I1 and I2. 

Five pellets printed at 45% of LED power during 3s, with a resin 
composed of 50%TDGA, 40%HDDA, 10%PEG and 47 vol% of β-TCP 
powder, were debound and sintered following the cycle presented in 
Fig. 2. Their apparent density is presented in Table 5. XRD diffractogram 
of the sintered part, presented in Fig. 16, was compared to ICCD file of 
β-TCP phase and revealed the presence of only β-TCP. 

4. Discussion 

The first step towards the preparation of suitable pastes for the SLA 

was the study of the photosensitive resins alone. The choice of the 
monomers and the photo initiator influences the resins properties in 
terms of reactivity and viscosity. Indeed, the results presented in Table 1 
showed that, for the same light parameters, different monomers led to 
different photopolymerised samples. Based on the results found in the 
literature, these observations can be explained considering two different 
aspects of the reactivity of the resin. On the one hand, the functionality 
of the monomer has its importance; it has been shown that acrylates are 
more reactive than methacrylates [32,33], which explains why the 
HEMA did not photopolymerise. On the other hand, the viscosity of the 
monomers influences the mobility of the reactive species and therefore 
impacts the reactivity of the photo-sensitive resin; a high viscosity slows 
down the diffusion of the reactive radicals and therefore reduces the 
photopolymerisation rate [33]. 

However, the experiments carried out with the monomers TGDA, 
HDDA, TTA and HEMA alone seemed to be in contradiction with this 
explanation. Indeed, the heaviest photopolymerised sample (i.e. the 
sample with the highest conversion rate) was obtained with TTA, the 
most viscous monomer (Fig. 3). The low viscosity of TGDA and HDDA, 
associated with their high reactivity at the light parameters chosen, led 
to a very fast photo-polymerisation and should have given the highest 
conversion rates which is not the case in our study. Their lower con-
version rates could be explained considering that reactive radicals have 
been trapped inside the solidified network, causing the reaction to stop 
before the whole resin was cured. 

However, the negative impact of a high viscosity on the resin reac-
tivity is observable with the experiments conducted on mixtures of 
monomers illuminated at 50% during 1.5s (Table 4) and is in correlation 
with the data found in the literature [33]. In this case, the resins 2, 4 and 
5 prepared with TTA (the most viscous monomer) led to lighter samples 
than the resins 1 and 3 (least viscous resins). Here, the propagation re-
action of the photo-polymerisation is diffusion-limited, therefore more 
viscous resins led to lower conversion rates [33]. 

The experiments conducted on mixtures of monomers also showed 
that the reactivity of the monomers depends on the light parameters 
used. Higher light parameters (85% of LED power during 2.5s) led for all 
the prepared resins to heavier samples (Tables 3 and 4). Consequently, 
the application of a higher energy dose can lead to a higher degree of 
conversion of the monomers in the resin [16,34] therefore leading to 

Fig. 9. 3D files, 10 mm length cube, 3 mm thickness and 12 mm diameter pellet.  

Table 5 
Resin composition of parts printed with pastes loaded with 48%vol of β-TCP 
powder with 0.5 wt% of dispersant.  

Parts TGDA (wt%) HDDA (wt%) PEG 200 (wt%) HEMA (wt%) 

I1 and I2 50 40 10  
I3 and I4 40 35 10 15  

Table 6 
Light parameters used to print the parts with suspensions containing 48 vol% of 
β-TCP and a resin made of 50% of TGDA, 40% of HDDA and 10% of PEG 200 for 
parts I1; and I2 and 40% of TGDA, 35% of HDDA, 10% of PEG 200 and 15% of 
HEMA for parts I3 and I4.  

Parts Light power (%) Exposure time (ms) 

I1 55 2000 
I2 35 2000 
I3 55 4500 
I4 45 3000  
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higher conversion rates. 
The differences between the cured samples, depending on the resin 

composition and the light parameters, seemed also to have an impact on 
the printed samples characteristics. In Figs. 9, 13 and 14, parts I1 (A) and 
I3 (C) were printed with the same light parameters but with different 
compositions. Part I1 presented more defects and a rougher surface than 
part I3. This could be explained by the presence of HEMA in the resin of 
part I3, which could reduce the reactivity (as observed in Tables 2 and 3) 
and therefore slow down the reaching of the gelation point, leading to a 
poor layer integration and poor resolution [25]. A similar conclusion can 
be made when comparing parts printed with the same composition but 
different light parameters. Indeed, in Fig. 9, parts I2 (B) and I4 (D), 
printed with the lowest energy rate, had a better resolution than parts I1 
and I3. In this case the photo-polymerisation rate was governed by the 
energy dose [16]. 

Moreover, the resin composition and its viscosity also influence the 
viscosity of the pastes and therefore their processability. Table 4 showed 
that, with a viscosity above 20 mPa s, it was not possible to obtain a 
printable paste, but no correlation was found between the resin viscosity 
and the paste viscosity. The same observation was done by Badev et al. 
[35] who showed that the addition of a small quantity of HDDA to the 
amine modified polyether acrylate (main component of the resin) 
reduced its viscosity, but not the global viscosity of the paste. Even 
though no correlation was found between the resin viscosity and the 
paste viscosity, it appears in Table 3 that depending on the resin 
composition, the viscosity of the paste is not the same. A hypothesis to 
explain that would be that the resin composition influences the inter-
action between the monomers, the dispersant and the particles, and 
therefore influences the global viscosity of the paste. 

Experiments have shown that the more the viscosity of the paste 
increased the more the printed layer could be stuck to the tape casting 
film which could induce stress and defects in the parts. Consequently, 
the defects noticeable in the printed parts do not only result from the 
photopolymerisation of the network, but also result from the way the 
parts were processed, i.e. from the rheological behaviour of the pastes. 

Moreover, the thermal degradation cycles presented in Figs. 7 and 8 

Fig. 10. Green parts I1 (A) illuminated with 55% of LED power during 2s, I2 (B) illuminated with 35% of LED power during 2s, I3 (C) illuminated with 55% of LED 
power during 4.5s, I4 (D) illuminated with 45% of LED power during 3s. 

Fig. 11. Pellet cleaned only with ethanol.  

Fig. 12. Pellet cleaned with ethanol in an ultrasonic bath.  
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also showed differences between the samples depending on their 
composition. It appeared that the addition of HDDA to TGDA in the resin 
induced a slow thermal degradation of around 2.4 wt% of photo-cured 
polymer between 100 ◦C and 300 ◦C. Then, the addition of PEG 200 
led to a modification of the thermal degradation of the photopolymer 
network with the elimination 5.0 wt% of polymer before 300 ◦C. In their 
study, S. Jiang et al. [36], explained that the thermal stability of a 
polymer network increased with the increase of functional groups 
bringing a higher crosslink density. On the other hand, Badev et al. [35] 
showed that diluents can reduce the overall functionality of a resin. 
Indeed, in the present study, with the addition of HDDA and PEG 200, 
the tetrafunctional diacrylate TGDA is replaced by a simple diacrylate 

and a non-reactive component. Therefore, the reduction of the number 
of functions in the network could lead to a thermally less stable 
photo-cured polymer, explaining at the same time the slow thermal 
degradation between 100 ◦C and 300 ◦C. 

The composition of the resin was not the only parameter influencing 
the thermal degradation behaviour of cured pastes. As shown in Figs. 7 
and 8, the light curing parameters also influenced the thermal degra-
dation of the samples. Chartier et al. evaluate the influence of the irra-
diance (W.cm− 2) of the light source on the final samples and stipulate 
that increasing the irradiance leads to higher rates of polymerisation 
[16]. Therefore, a hypothesis is that a higher amount of energy (Fig. 10) 
leads to a thermally more stable network (due to the high polymerisa-
tion rate), whereas a lower amount of energy (Fig. 11) leads to a ther-
mally less stable network and enables a slow thermal degradation in the 
first degrees. This might be a way to ease the debinding, explaining the 
presence of thinner defects after sintering in the parts cured with the 
lowest amount of energy (Figs. 9, 13 and 14). 

In order to treat all the samples with the same thermal debinding 
cycle and considering that a maximum of 3 mass loss zones have been 
observed in the thermal degradation pattern, three holding tempera-
tures were chosen for each mass loss. Then, the heating rate was chosen 
low: 0.5 ◦C/min to avoid defects formation in the part [18,37], and 
considering that for all the resin composition the organic phase was 
removed after 510 ◦C, the heating rate was increased to 3 ◦C/min from 
this temperature to 1100 ◦C. The chosen sintered temperature enabled a 
good sintering of the β-TCP and avoided the transformation from β to 
α-TCP [18] which was confirmed by XRD analysis. 

5. Conclusion 

The objective of this work was to highlight the influence of the resin 
composition on the printability of an array of tricalcium phosphate 
pastes with a DLP stereolithography machine. It was shown that the 
monomers enabling the preparation of a paste with the lowest viscosity, 
the best printability and the smoothest thermal degradation are TGDA, 

Fig. 13. Sintered parts, I1 (A), I2 (B), I3 (C) and I4 (D); red circles highlight the most visible cracks and delaminations. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 14. Image showing the zone of the printed parts observed with the SEM 
(red circle); Blue arrow = printing direction. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

C. Goutagny et al.                                                                                                                                                                                                                              



Open Ceramics 7 (2021) 100167

10

HDDA, and PEG 200. Using these monomers and a β-TCP powder treated 
with 5 wt% of dispersant, pastes with 47 vol% of powder were prepared 
and printed. Tailoring the composition of the resin and reducing the 
light power during the building process enabled to have a better reso-
lution of the green parts and less defects in the sintered objects. These 
results are encouraging for further development in order to finally 
obtain defect-free parts. The improving of the cleaning of the parts and 
the debinding cycle are interesting ideas to pursue the work and enhance 

the quality of the printed parts. 
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Fig. 15. SEM images of the sintered parts (×500), I1 (A), I2 (B), I3 (C) and I4 (D) defects = red circle and red arrows. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 

Fig. 16. XRD diagram highlighting peaks corresponding to the β-TCP phase according to the ICDD (International Center for Diffraction Data) [3].  
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