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A B S T R A C T   

Although calcium carbonate is more commonly used in powder form, it could have exciting applications in bulk 
form, such as bone scaffolds, synthetic corals, and artificial rocks. Additive manufacturing (vat-photo
polymerization) is a promising strategy for producing parts with complex geometries. However, two main 
challenges arise: 1) Producing a CaCO3 suspension with high solid loading and low viscosity suitable to ordinary 
bottom-up 3D printers; 2) Debinding and sintering the CaCO3 parts without causing their thermal decomposition. 
The first challenge was addressed by following a systematic methodology to select the monomer and dispersant, 
resulting in a printable 35 vol% CaCO3 suspension with low viscosity (0.28 Pa s at 30s− 1). The second challenge 
was overcome by debinding in air atmosphere to remove all organics, followed by sintering in CO2 above 500 ◦C 
to avoid the calcination of CaCO3. The presented results are an important advance for the fabrication of calcium 
carbonate parts with complex geometries.   

1. Introduction 

Calcium carbonate (CaCO3) powder is an essential feedstock mate
rial used in several sectors, such as construction, agriculture, and 
pharmacy [1,2]. It is also commonly used in ceramic processing as a pore 
former [3]. Although CaCO3 is mostly used in powder form, bulk and 
structural parts of this material could have interesting applications. For 
instance, calcium carbonate with hierarchical porosity is a promising 
bone scaffold material [4–7] due to its good biocompatibility, fast ab
sorption, good cell adhesion, and lower price compared to other po
tential bioceramics [6–11]. It could also be used for coral reef 
restoration [12] because it is similar to the material found in natural 
corals [13]. 

Another important possible application is creating models of car
bonate rocks for petroleum engineering and geophysics studies [14,15]. 
However, the natural carbonate rocks found in petroleum fields have a 
high cost of extraction, are limited in number and very heterogeneous 

(even from samples drilled from the same region) [15–17]. Conse
quently, it is challenging to obtain reproducible and comparable results 
using them, especially when destructive tests are involved (such as 
compressive tests, mercury injection porosimetry, and acid injection) 
[17–20]. As a possible solution, it has been proposed to fabricate arti
ficial rocks [14–16,21–29] and microfluidic models [29–32] with 
controllable and reproducible features, tuning the petrophysical prop
erties and reducing the experimental error obtained when testing nat
ural rocks. Such artificial rock models would be an essential tool for 
developing and validating numerical models and simulations, obtaining 
experimental correlations between the microstructure and the petro
physical properties (including permeability, mechanical and acoustic 
properties) [14,21,26], and studying enhanced oil recovery (EOR) 
technics [27,28,33–36]. 

However, producing calcium carbonate parts is not straightforward. 
There are two main challenges. The first is sintering the CaCO3 without 
causing its thermal decomposition into CaO and CO2. Its calcination 
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starts above 500 ◦C in air atmosphere [37–40], below the temperature 
required for its sintering (>800 ◦C), which is necessary to promote the 
coalescence of the particles, to reduce the porosity, and to increase the 
mechanical strength of the part [41,42]. As a possible solution, it is 
known that increasing the partial pressure of CO2 inhibits the decar
bonation of CaCO3 and increases its decomposition temperature [38]. 
Using this idea, some researchers were able to sinter CaCO3 at temper
atures around 850–900 ◦C [8,11,43]. The same strategy was followed in 
a prior study from our research group [1], in which calcite was sintered 
in a carbon dioxide atmosphere at 850 ◦C, resulting in bulk calcium 
carbonate parts with high relative density (88%) and compressive 
strength of 110 MPa, similar to what is found in natural carbonates rocks 
(35–120 MPa) [44]. 

The second challenge is fabricating the complex geometries of corals, 
artificial rocks, and bone scaffolds, especially considering that the last 
two can possess a multiscale porosity [45–47]. Many authors have re
ported producing porous calcium carbonate samples through powder 
compaction. In their studies, the porosity was controlled either by 
adjusting the particle size distribution [15,25], the amount of binder or 
cement [16,25,28], or by adding a sacrificial pore former that is later 
removed thermally or by dissolution [5,11,27,48]. (Tables S1 and S2 in 
the Supplementary Material present an overview of the different stra
tegies and materials used to fabricate artificial rocks using these con
ventional ceramic manufacturing routes). However, these approaches 
have limited control over the pore size and shape and cannot reliably 
replicate the same pore structure in different samples. 

On the other hand, additive manufacturing is a promising strategy 
for producing complex geometries with designed porosity [49,50]. 
Another great advantage is the possibility of replicating geometries 
obtained directly from natural samples (such as a bone or a porous rock) 
through microtomography or 3D scanning [12,14,20,51]. Different 3D 
printing technologies have been proposed to produce artificial rocks, 
including Material Extrusion [52–57], Binder Jetting [17–19,51,57–71], 
Material Jetting [52,72–79] Vat-Photopolymerization [20,57,71,73,76, 
78,80] (and its high-resolution version, Two-Photon Polymerization 
[81–83]). In the Supplementary Material, Table S3 presents an extended 
list of references concerning artificial rocks produced by different ad
ditive manufacturing technologies with the pros and cons of each 
method. 

After comparing these additive manufacturing technologies, some 
authors claim that vat-photopolymerization is the most recommended 
one to produce artificial porous rocks [71,84,85]. The main reason is its 
excellent resolution (≈25–100 μm for external features [86–91] and 
≈300–400 μm for inner pores and channels [92,93]), which surpasses 

most other techniques [21]. Moreover, concerning ceramic materials, it 
is able to achieve good mechanical properties (for instance, 554 and 741 
MPa of flexural strength for alumina and zirconia, respectively) [87,91, 
94–99] and densification higher than 99% [86,91]. There are three main 
categories of vat-photopolymerization depending on the light source: a) 
point-wise vector scanning of the light source (usually a laser) such as in 
stereolithography (SLA) [86,100]; b) mask projection by irradiating the 
entire layer at once (layer-wise) using an LCD screen or a light projector 
(Digital Light Processing (DLP)) [86,100] and c) two-photon polymeri
zation, which is a point-wise approach that cures the material at the 
intersection of two laser beans, it has an outstanding high-resolution (up 
to 10 nm) but is currently limited to small sized samples (usually smaller 
than 1 mm) [81–83,100]. Furthermore, the vat-photopolymerization 
printers can also be classified according to the building direction. In 
the “bottom-up” approach, the light source is projected under the vat, 
and the build platform moves upwards as the new layers are formed (the 
part is printed upside-down), while in the “top-down” approach, the 
light source is projected from above and the build platform moves 
downwards as new layers are formed [88] (See Fig. 1). 

However, vat-photopolymerization also has its drawbacks. First, 
producing a ceramic suspension suitable for vat-photopolymerization 
with high solid loading (≥40 vol%) and low viscosity (<3 Pa s) is a 
great challenge [87,101–103]. The low viscosity requirement is even 
more critical when using lower-cost bottom-up 3D printers that do not 
employ the complex recoating mechanisms present in the more 
advanced machines dedicated to ceramic materials [87,97,102,103]. 
Additionally, there is a limited selection of ceramic photocurable sus
pensions commercially available [104], and calcium carbonate is not 
one of them. In fact, most attempts to produce artificial rocks through 
additive manufacturing have used materials with a chemical composi
tion different from calcium carbonate, such as polymers (for material 
extrusion [52,53,57], material jetting [73,76,79], and 
vat-photopolymerization [20,71,80]), gypsum [51,59,68,71] and silica 
sand [62,64,71] (for binder jetting). Nevertheless, a few researchers 
were able to 3D print calcium carbonate by preparing their own for
mulations for material extrusion [12,105,106] and 
vat-photopolymerization [6]. 

Furthermore, there are also drawbacks related to the debinding 
stage, which is one of the most critical steps in the production of ce
ramics through vat-photopolymerization [91]. During debinding, all the 
organics (polymers and additives) should be removed by oxidation or 
pyrolysis, leaving behind only the ceramic matrix [91]. The process 
should be carried out at slow and controlled heating rates (commonly 
<1 ◦C/min) to avoid cracking the fragile ceramic matrix that has not 

Fig. 1. Comparison between the two operating principles of vat-photopolymerization 3D printers: (a) bottom-up; (b) top-down. Obtained from Ref. [88] with 
permission from Elsevier. 
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been sintered yet [42,91,107]. This challenge is especially tricky for 
calcium carbonate compared to other ceramics. On one side, CaCO3 is 
sintered at a relatively low temperature (≈850–900 ◦C) compared to 
other ceramic materials, which makes it difficult to completely remove 
the organics through pyrolysis. On the other side, CaCO3 sintering re
quires a CO2 atmosphere above 500 ◦C, making it difficult to remove the 
organics through oxidation. Therefore, the recommended sintering at
mosphere is not suitable for the oxidation of the organics while the 
sintering temperature is too low for their pyrolysis. Because of this 
challenge, the attempts to print calcium carbonate through photo
polymerization did not employ any heat treatment [12] or, in the best 
case, carried out only the debinding up to 500 ◦C, without sintering the 
material [6]. 

This paper describes a systematic approach to produce a photoc
urable calcium carbonate suspension with very low viscosity (<0.5 Pa s 
at 30 s− 1) that could be successfully used in an ordinary bottom-up vat- 
photopolymerization 3D printer. Moreover, it describes how to set up 
the heat treatment to remove all the organics during debinding in air 
atmosphere, followed by sintering the CaCO3 without thermal decom
position using a CO2 atmosphere. The combination of these approaches 
resulted in sintered parts totally constituted of calcium carbonate. 

2. Materials and methods 

2.1. Materials 

The ceramic powder used was a high-purity CaCO3 powder (Lab
Synth, Brazil) with a calcite crystalline structure (confirmed by X-Ray 
diffraction, Shimadzu XRD-7000 Maxima X). The true density of the 
powder was 2.7005 g/cm3 (Pycnometer Quantachrome Ultrapyc 1200e, 
10 purges), and the BET surface area was 10.73 m2/g (Quantachrome - 
Nova Station 1200e). The powder had a median agglomerate diameter 
(d50) of about 1.567 μm (measured by X-Ray monitored sedimentation, 
Micromeritics SediGraph III Plus), while d90 and d10 were 3.03 μm and 
0.475 μm, respectively. The size distribution can be found in Fig. S1 in 
the Supplementary Material. The agglomerates were composed of 
needle-like particles of calcite, with the longer axis measuring around 1 
μm or smaller and an aspect ratio of about 1:4, as observed through 
Scanning Electron Microscopy (SEM, FEI Helios NanoLab 600i, with an 
accelerating voltage of 2 kV and current of 11 pA), see Fig. 2. The small 
particle size and its rough surface explain the relatively large surface 
area of the powder. 

The candidate monomers were 2-Hydroxyethyl methacrylate 
(HEMA) and poly(ethylene glycol) diacrylate with an average molecular 
weight of 250 g/mol (PEGDA 250), both bought from Sigma-Aldrich. 
The 8 candidate dispersants were oleic acid (LabSynth, Brazil), Ammo
nium polyacrylate, Triton X-100 (polyethylene glycol tert-octylphenyl 
ether, a non-ionic surfactant with hydrophilic polyethylene chain and 
an aromatic hydrophobic group obtained from Sigma Aldrich), BYK- 
w966 and BYK-w 980 (both are a solution of a salt of unsaturated 
polyamine amides and acidic polyesters, from BYK), BYK-w 985 (a 

solution of an acidic polyester, from BYK), Solsperse 41000 (a polymeric 
alkoxylate, from Lubrizol) and Solsperse 85000 (a phosphodiester 
polymeric dispersant, from Lubrizol). The dispersants were pre-selected, 
considering the desired compatibility between the calcium carbonate 
surface and the medium (monomer). Finally, the photoinitiator 
employed was phenylbis(2,4,6-trimethyl benzoyl)phosphine oxide 
(Sigma Aldrich). 

2.2. Formulation of the ceramic suspension 

The first challenge was preparing a calcium carbonate suspension 
with moderate to high solid loading (35–55 vol%) [87,101] while 
maintaining a viscosity lower than 0.5 Pa s at 30 s− 1 to be suitable for 
ordinary polymer DLP printers. The proposed methodology followed 3 
steps: 1) Selecting the appropriate monomer composition considering 
the viscosity and reactivity (cured thickness); 2) Selecting the dispersant 
with the best viscosity reduction; 3) Increasing the ceramic solid loading 
without surpassing the viscosity limit. The viscosity was evaluated at a 
shear rate of 30 s− 1, which is commonly used as a reference for the 
vat-photopolymerization process [101,103,108]. 

2.2.1. Selection of the monomer 
In the first stage, the main monomer considered was the diacrylate 

PEGDA 250 because of the successful previous experiences of our 
research group [109–112]. Elsayed et al. [4] also obtained good results 
with calcium carbonate using a similar monomer. Aiming at reducing 
the viscosity, HEMA, a monofunctional methacrylate with low viscosity, 
was considered as a potential reactive diluent [87]. The following 
compositions were prepared by mixing PEGDA 250 with increasing 
contents of HEMA: 0% (pure PEGDA), 5%, 10%, 33%, 67%, and 100% 
(pure HEMA). Each formulation included 15 vol% of calcium carbonate 
powder, and the materials were mixed for 24 h in a roller ball mill. 

The viscosity of each composition was analyzed at room temperature 
(21–23 ◦C) using a rotational viscometer (Brookfield DVT2 LV) with a 
coaxial cylinder geometry sample (using the sample chamber SC4-13R 
and the spindle SC4-34). The average steady-state torque was 
measured at the following shear rates 1, 5, 10, 20, 30, 40, and 50 s− 1. 
Then, 2 wt% (in relation to the monomers) of photoinitiator was added 
to the suspension and mixed for additional 16 h. Finally, the cured 
thickness of each composition was measured for an exposure time of 1, 
2, 5, 10, 20, and 50 s using the light projector of the Creality LD-002H 
DLP 3D printer (irradiance energy of 8 mW/cm2 and light wavelength 
of 405 nm). 

2.2.2. Selection of the dispersant 
The second stage was the selection of the best dispersant among the 8 

pre-selected ones. The dispersant amount was fixed at 2 wt% (in relation 
to the ceramic powder) based on the supplier’s recommendation of 2 
mg/m2 of dispersant per surface area of the powder. Then, 8 samples, 
each containing one of the proposed dispersants, were manually mixed 
with PEGDA. Then, 15 vol% of CaCO3 powder was added to each 

Fig. 2. SEM images of the calcium carbonate powder used in this study. The blue circle in the upper left corner represents the diameter of the median agglomerate 
measured with X-ray monitored sedimentation. On the right is the magnification of one agglomerate evidencing the needle-like particles of calcite. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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sample, and the suspensions were mixed for 24 h in the roller ball mill. 
The viscosity of each composition was measured with the rotational 
viscometer, as described in the previous section. The appropriate spindle 
diameter for each suspension was chosen among the available models 
(SC4-18, SC-31, SC4-34, and SC4-25) based on their measurable vis
cosity range (smaller diameters (larger gap) for more viscous 
suspensions). 

2.2.3. Increasing the solid loading 
Finally, after choosing the best monomer (PEGDA) and the best 

dispersant (Solsperse 85000), formulations with an increasing amount 
of calcium carbonate were prepared (30, 35, 40, 45, and 50 vol%). The 
suspensions were mixed in a vibratory ball mill until homogenization 
(12 h for the samples with 30, 35, and 40 vol%; and 24 h for the ones 
with 45 and 50 vol%). The change from the roller ball mill to the more 
energetic vibratory mill was necessary due to the increased viscosity of 
the mixture, especially during the initial stage of mixing when the 
powder was not well dispersed. The viscosity of each composition was 
analyzed using the rotational viscometer, as described in the previous 
sections. Then, 2 wt% of photoinitiator (in relation to the monomer) was 
added to the suspension and mixed for additional 2 h in the vibratory 
mill. The cured thickness of each composition was measured for expo
sures of 1, 2, 3, and 5 s. Printing tests were performed with the formu
lations with 35 and 40 vol% CaCO3 loading. Additionally, a stability test 
was performed with the formulations in a graduated tube for 30 days to 
assess the sedimentation of the systems. 

2.3. 3D printing 

The final formulation was prepared with PEGDA 250 as the mono
mer, 35 vol% of CaCO3 powder (equivalent to 56 wt%), 2 wt% (in 
relation to the CaCO3 powder) of Solsperse 85000 as the dispersant, and 
2 wt% (in relation to the monomer) of phenylbis(2,4,6-trimethyl ben
zoyl)phosphine oxide as the photoinitiator. The components were mixed 
without the photoinitiator for 10 h in the vibration ball mill. After 
adding the photoinitiator, the suspension was mixed for additional 2 h. 

Additive manufacturing was performed with a bottom-up mask- 
projection vat-photopolymerization 3D printer (Creality LD-002H), 
which has an LCD as the light source operating with a wavelength of 
405 nm and an intensity of 8 mW/cm2. The layer height was defined as 
50 μm, and the curing time was set to 1 s per layer. Different geometries 
for possible applications of calcium carbonate parts were produced, 
including scaffolds, coral-like structures, and a 2D fluid device to study 
the fluid displacement in rock models. 

2.4. Debinding and sintering 

One printed sample was ground and characterized through simul
taneous thermogravimetric analysis (TGA) and differential scanning 
calorimetry (DSC) (TGA/DSC 3+ Stare system - Mettler Toledo). The 
program was set from room temperature to 1000 ◦C, with a heating rate 
of 5 ◦C/min and airflow of 100 mL/min. The initial weight of the sample 
was 34,6589 mg. 

The debinding heating rates were adjusted so the slow heating rates 
would coincide with the peaks of the decomposition of PEGDA measured 
through the TGA, which occurs more intensely between 350 and 440 ◦C 
(as also observed in Ref. [110]). The debinding was performed in the 
Lindberg/Blue M Box Furnace following the program depicted in Fig. 3 
in air atmosphere, followed by natural cooling inside the furnace 
chamber. 

After the debinding, the samples were transferred to a tubular 
furnace (The construction of the furnace is detailed elsewhere [1]). 
Sintering was performed according to the heating program reported in 
Table 1. Initially, compressed air was injected into the furnace at ≈3 
L/min. Then, above 500 ◦C, the gas flow was switched to CO2 (≈3 
L/min) to avoid the decomposition of the calcium carbonate [1]. 

2.5. Characterization of 3D printed and sintered samples 

2.5.1. X-ray diffraction 
The crystalline phase assemblage of the materials was evaluated 

using X-Ray diffraction (XRD). The analyses were performed with the 
powder as supplied (pure calcite), after 3D printing, after debinding at 
500 ◦C, and after sintering at 850 ◦C in a CO2 atmosphere. All analyses 
were conducted using a Shimadzu XRD-7000 Maxima X with the 
following parameters: Cu Kα radiation, 40 kV, 30 mA, divergence and 
scatter slit of 1◦, receiving slit of 0.3 mm, continuous scan θ-2θ with 2◦/ 
min ranging from 20 to 50◦. 

2.5.2. Scanning electron microscopy 
The 3D printed and sintered samples were fractured and coated with 

gold (G20 ion sputter coater). The images were acquired using an 
EmCrafts CUBE Scanning Electron Microscopy with a secondary electron 
(SE) detector using an accelerating voltage of 10 kV. 

3. Results and discussion 

3.1. Calcium carbonate suspension 

3.1.1. Selecting the monomer 
The viscosity of the suspensions with variable content of PEGDA and 

HEMA at a shear rate of 30 s− 1 are reported in Fig. 4. An unexpected 
behavior was found concerning the effect of monomer content. Although 
the suspension with 100% HEMA has a lower viscosity than the sus
pension with 100% PEGDA, adding a small amount of HEMA (5 or 10%) 
increased the viscosity of the mixture. On the other hand, mixtures with 
a larger amount of HEMA (33 or 67%) presented viscosities lower than 
each of the original components. The explanation for this phenomenon 
is beyond the scope of this paper and requires further investigation. It 
might be the case that the solubility and wettability between the 
monomers have a significant effect on the dispersion of the material and 

Fig. 3. Debinding program.  

Table 1 
Sintering program.  

Step Gas flow Tstart Tend Rate Step time Total time   

◦C ◦C ◦C/min min min 
1 Air 20 500 1 480 480 
2 Air 500 500 – 120 600 
3 CO2 500 820 5 64 664 
4 CO2 820 850 2 15 679 
5 CO2 850 850 – 120 799 
6 CO2 850 500 furnace natural cooldown 
7 – 500 30  

M.M. Morais et al.                                                                                                                                                                                                                              



Open Ceramics 14 (2023) 100348

5

the consequent rheological properties. For the purpose of this study, 
reducing the viscosity of the suspension would require a large amount of 
HEMA because adding only a small amount has a detrimental effect and 
should be avoided. 

Concerning the cured thickness, it was observed that adding HEMA 
reduced the photoreactivity of the suspension, increasing the curing 
time (Fig. 5). The samples with 5 and 10 vol% of HEMA had insufficient 
curing with 1 and 2s, being able to cure only with 5s or more. Suspen
sions with even more HEMA required more time (>10 s) or didn’t cure at 
all (within the evaluated times). The measured suspensions had only 15 
vol% of ceramic powder, which is relatively low. Adding more powder 
would reduce even more the cured thickness because the particles cause 
light scattering (which requires longer curing times) [101,103]. Hence 
suspensions with more than 10% of HEMA would require a long time to 
cure each layer (>>10 s) and would have a low resolution (larger 
minimum layer thickness), which would be undesirable for additive 
manufacturing. Therefore, considering only the effect on the cured 
thickness, adding HEMA should be limited up to 10 vol%. In conclusion, 
HEMA was not further used in this study because it would be detrimental 
both for the viscosity and the cured thickness. Hence, pure PEGDA 250 
was chosen as the monomer. 

3.1.2. Selecting the dispersant 
The viscosity of the suspensions with different dispersants is shown 

in Fig. 6. The dispersant Solsperse 85000 (a phosphodiester polymeric 
dispersant) had the best result among the compared ones. Therefore, it 
was used in the subsequent steps of this research. Solsperse 41000 (a 

polymeric alkoxylate dispersant) also had very good results. On the 
other hand, some dispersants had a detrimental effect. Some of them 
(Byk w-980 and Byk w-966, which are solutions of a salt of unsaturated 
polyamine amides and acidic polyesters) seemed to facilitate the for
mation of bubbles, increasing the overall apparent viscosity. The worst 
situation was found for oleic acid, which significantly increased the 
viscosity of the suspension. In addition, the amount of dispersant seemed 
unoptimized, leading to some flocculation. 

3.1.3. Selecting the solid loading 
The viscosity of the suspensions with different solid loadings is 

shown in Fig. 7. It can be observed that all suspensions had a shear- 
thinning behavior that could be fitted with the power-law viscosity 
model (Eq. 1) [113], where μ is the suspension viscosity, γ̇ is the shear 
rate, K and n are the fitting parameters (flow consistency and flow 
behavior indexes, respectively). The fitted parameters and the R-squared 
of the regression for each solid loading are displayed in Table 2, where φ 
is the volumetric solid loading. The measurement of the suspension with 
50 vol% appeared to suffer from slipping effects resulting in an under
estimation of the viscosity and an apparent increased shear-thinning 
behavior. 

Fig. 4. Effect of the concentration of the monomers PEGDA and HEMA in the 
viscosity of a suspension with 15 vol% of CaCO3. The sum of the volumetric 
content of HEMA + PEGDA is 100% of the liquid content. 

Fig. 5. Effect of the monomer content on the cured thickness. Samples with 
more than 10% of HEMA had insufficient curing and were not included in 
the graph. 

Fig. 6. Comparison of the effect of several dispersants on the viscosity of a 
suspension with 15 vol% of CaCO3 in PEGDA 250 monomer. The suspension 
with the dispersant BYK-966 foamed too much and could not be measured. 

Fig. 7. Viscosity of the suspensions with different solid volumetric loadings. All 
of them follow a shear-thinning behavior. Viscosity curves were fitted with the 
power-law model. 
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μ=Kγ̇n− 1 (Eq. 1) 

Increasing the solid loading had an exponential effect on the vis
cosity, as shown in Fig. 8. The data could be fitted by the Krieger- 
Dougherty model (Eq. 2) [87,114], which relates the suspension vis
cosity μ to the volumetric solid loading φ. In the equation, μ0 is the 
medium viscosity, φmax is the maximum volumetric solid loading, and B 
is the “intrinsic viscosity” or Einstein’s coefficient. The nominal viscosity 
of the PEGDA 250 (15 mPa s) was adopted as the medium viscosity (μ0). 
The fitted parameters were φmax = 0.598 and B = 6.09, with a R-square 
of 0.997. 

μ= μ0

(

1 − φ/φmax

)− Bφmax

(Eq. 2) 

The suspension with 35 vol% of CaCO3 had a very low viscosity 
(0.28 Pa s at 30s − 1), which could be successfully printed in the ordinary 
bottom-up 3D printer used in this research. Although the suspensions 
with 40 and 45 %vol of CaCO3 had low viscosity (0.89 and 2.41 Pa s at 
30 s− 1, respectively), the absence of a recoating mechanism in the used 
printer resulted in failed parts due to vat-sticking (parts detached from 
the building platform). In conclusion, the upper limit for the suitable 
viscosity at 30 s− 1 is between 0.28 and 0.89 Pa s for this type of 3D 
printer. The samples with 35 vol% or more solid loading presented little 
sedimentation after 30 days (less than 2%), indicating the stability of the 
formulations. 

Concerning the photoreactivity, the cured thickness of the suspen
sions with 35 and 40 vol% are reported in Fig. 9. They follow the Beer- 
Lambert law (Eq. 3), where Cd is the cured thickness, Dp is the pene
tration depth, E is the irradiated energy, and Ec is the critical exposure 
energy to form a layer [101,103,115]. The fitted parameters can be 
found in Table 3. The cured depth for 1 s exposure for the 35 and 40 vol 
% suspensions were 96.3 and 86.0 μm, respectively. As expected, 
increasing the solid loading led to a smaller cured thickness [101,116]. 

Cd =Dp ln
(

E/Ec

)

(Eq. 3)  

3.2. 3D printed parts 

3D printing was successfully performed with the 35 vol% CaCO3 
resin. Some of the produced parts are displayed in Fig. 10. The excellent 
resolution achieved should be highlighted, as evidenced by the fine 
details reproduced, which can be observed in Fig. 11. 

The selection of a layer thickness of 50 μm and a curing time of 1s 
(equivalent to a cured layer of 96.3 μm) resulted in a cured-layer-to- 
layer-thickness ratio of about 2, which was found to be a good 
compromise between printing resolution and strong adhesion between 
layers. In the SEM images, the interface between the layers could hardly 
be observed in the interior of fractured samples (Fig. 12). 

3.3. Debinding and sintering 

The TGA/DSC of a printed sample is displayed in Fig. 13. From the 
graph, two main events can be observed. One is the exothermic 
decomposition of the polymeric component. The mass loss starts at 
about 240 ◦C and finishes at about 480 ◦C, with the main peak of mass 
loss at 421 ◦C. As observed, practically all the organic constituents can 
be eliminated below 500 ◦C during the debinding stage. The second 
event is the endothermic decomposition of the calcium carbonate into 
calcium oxide, starting at about 590 ◦C and ending at about 800 ◦C. This 
decomposition was expected to happen in an air atmosphere but would 
be avoided in a CO2 atmosphere. Therefore, because the two events were 
not overlapping, the strategy of switching from air to a CO2 atmosphere 
above 500 ◦C proved to be suitable for the process. 

Actually, the samples after debinding were slightly gray (Fig. S2, in 
the Supplementary Material), as some residual carbon remained in the 
parts. But the parts turned white at the end of sintering, indicating that 
the remaining carbon was eliminated. 

The sintered parts are displayed in Fig. 14. The parts retained their 
geometry, especially the ones with thinner walls and cross sections 
(Fig. 14A and B). However, the debinding stage used in this work was 
still too fast. Consequently, some parts also presented cracks and 
delamination problems (Fig. 14C and D). Remarkably, the CAD- 
designed scaffolds suffered from some delamination at the interfaces, 

Table 2 
Coefficients of the power-law model and the R-square of the regression.  

φ K n R2 

15% 310.2 0.511 0.983 
30% 266.0 0.881 0.950 
35% 439.7 0.872 0.972 
40% 2284 0.725 0.978 
45% 5902 0.733 0.977 
50% 15458 0.517 0.990  

Fig. 8. Effect of solid loading on the viscosity of the CaCO3 suspensions at a 
shear rate of 30 s− 1. Data fitted with the Kriger-Dougherty model. 

Fig. 9. Cured thickness for suspensions with 35 and 40 vol% solid loadings. 
The curves were fitted with the logarithmic model (Beer-Lambert law). 

Table 3 
Coefficients of the Beer-Lambert model and the R-square of the regression for the 
suspensions with 35 and 40 vol%.  

φ Cd (at 1 s) Dp Ec R2 

% μm μm mJ/cm2 – 
35 96.3 439.7 1.608 0.972 
40 86.0 2284 2.224 0.978  
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where there was an abrupt change in the cross-section area. Evidently, 
the volumetric content of the photopolymer was considerably high and 
the debinding rate was too fast for these geometries. 

The scanning electron microscopy revealed that even very small 
details were retained during sintering, such as the small pores observed 
in the gyroid scaffold structure (Fig. 15A and B). Moreover, the sub
micrometric needle-like particles observed in the original powder 
(Fig. 2) were sintered into larger rounded grains with a diameter of 

about 1–2 μm (Fig. 15C). Nevertheless, the structure was still porous, 
and the grains seemed weakly bonded. Therefore, due to the porosity 
and the cracks induced during the debinding stage, the mechanical 
resistance of the parts was low (fragile to handling). 

The proposed manufacturing strategy successfully retained the 
calcite phase throughout the process, as confirmed by the XRD patterns 
(Fig. 16). Only the peaks of the calcite crystalline phase were identified 
through all the stages of the processing. If thermal decomposition had 
occurred during sintering, there would be peaks in the diffractogram 
related to calcium oxide or calcium hydroxide. Therefore, sintering 
using a CO2 atmosphere prevented the decomposition of CaCO3 and the 
formation of CaO, enabling also its sintering. 

Fig. 10. 3D printed samples of calcium carbonate (before sintering). In A, a 
gyroid, a CAD-designed scaffold, and two coral-like structures. In B, a proposal 
of a 2D fluidic device with a geometry resembling the porous channels of rock 
for fluid displacement studies. The coin used as a reference has a diameter of 
19 mm. 

Fig. 11. 3D printed gyroid scaffold (before sintering) with detailed view ob
tained with an optical microscope at 40x magnifications. The layers and the 
small designed pores are visible. The diameters of the small pores are 
~300–500 μm. 

Fig. 12. Scanning Electron Microscopy of a fractured 3D printed bar (before 
sintering). The upper image has 50x magnification, and the lower image has 
1000x magnification. The arrows indicate the printing direction. 

Fig. 13. TGA/DSC of a 3D printed sample. From room temperature to 1000 ◦C 
at 5 ◦C/min with airflow of 100 mL/min. 
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3.4. Discussion: opportunities, challenges, and next steps 

This work enabled to obtain ceramic suspensions with very low 
viscosity at 30 s− 1 (0.28, 0.89, and 2.41 Pa s at 35, 40, and 45 vol% 
CaCO3 loading, respectively), comparable to the best results found in 
literature for other ceramic materials (0.2–0.5 Pa s for 40 vol% and 
1.2–2.3 Pa s for 45 vol%) [87,103]. Furthermore, the solid loadings 
achieved are higher than previously described in literature for calcium 
carbonate photopolymerization (29.5 vol%) [6]. Selecting an appro
priate dispersant was a crucial aspect of the process, reducing the vis
cosity to about 20% of the original value without a dispersant. The 
resolution of the printing process was excellent, being able to reproduce 
very small pores (with a diameter of 300 μm) and features, as shown in 
Figs. 10, 11, and 15. Additionally, the strategy of debinding in air fol
lowed by sintering in CO2 resulted in parts comprised of 100% calcium 
carbonate. 

As stated in the introduction, 3D-printed calcium carbonate parts 
have a very similar chemical constitution to corals and carbonate rocks 
and could also have an important application as bone scaffolds. There
fore, for future studies, the viability of using such calcium carbonate 
parts produced by vat-photopolymerization for these potential appli
cations could be explored. Furthermore, considering the use of 3D- 
printed artificial rocks for petrophysical tests, the individual effect of 
each geometrical feature of the samples (such as porosity, pore size 
distribution, and shape) on significant properties (such as permeability 
and liquid absorption) could be explored in a replicable manner. 

Nevertheless, some points still need improvement and additional 
studies. First, using a conventional bottom-up DLP printer without a 
recoating system restricted the use of suspensions with a larger ceramic 
content. Using a 3D printer more suited to higher viscosity resins (such 
as top-down 3D printers or the ones with recoating system and vat 
separation mechanisms) would allow adopting higher solid loadings, 
reducing the debinding problems and increasing the density and me
chanical resistance of the printed parts. 

Secondly, the debinding rate and layer thickness still need to be 
optimized. The debinding of larger parts would require slower heating 
rates and longer dwell times for adequate removal of the gases produced 
by the organic burn-out without stressing and cracking the ceramic 
matrix. As a matter of fact, the debinding stage is currently the major 
bottleneck of the additive manufacturing of conventional ceramics 
through photopolymerization. The state-of-art still limits the debinding 
to parts with up to ~10 mm wall thickness [91]. This limit might not be 
problematic for porous bone scaffolds, coral-like structures, or micro
fluidic devices. However, for artificial rock replicas for petrophysical 
tests, this might be a very significant technological restriction, as the 
samples (called core plugs) for many petrophysical tests commonly have 
25–51 mm (1–2 inches) of diameter and height [15]. Therefore, alter
natives more suitable for larger parts should be evaluated for this type of 

Fig. 14. Sintered parts. A) Coral-like structure; B) Gyroid scaffold; C) Bidi
mensional “porous” fluidic device for biphasic fluid displacement studies; D) 
CAD-designed scaffolds. 

Fig. 15. Scanning Electron Microscopy of 3D printed samples after sintering in 
a CO2 atmosphere. A) and B) are the gyroid scaffold with 30x and 100x 
magnification, respectively. C) is the cross-section of a fractured sample. 

M.M. Morais et al.                                                                                                                                                                                                                              



Open Ceramics 14 (2023) 100348

9

application, such as slip casting [11]; gel-casting [4,117]; casting with 
geopolymers [118]; or other additive manufacturing technologies such 
as Binder Jetting [51,64,71] or Material Extrusion (Direct Ink Writing or 
Robocasting) [105,106]. 

4. Conclusions 

A photocurable calcium carbonate resin was successfully formulated 
with a 35 vol% loading. The slurries obtained possessed a very low 
viscosity (0.28 Pa s at 30 s− 1) and suitable cured thickness (96 μm for 1 
s) through the proper selection of the monomer and dispersant. The 
calcium carbonate suspension was used to print parts with high reso
lution, including scaffolds, bidimensional fluidic devices, and artificial 
corals using an ordinary bottom-up vat-photopolymerization 3D printer. 
Furthermore, by using proper atmosphere control (air during debinding 
and CO2 during sintering), it was possible to completely remove the 
organics and sinter CaCO3 without thermal decomposition. The pre
sented results are an important advance for fabricating pure calcium 
carbonate parts with complex geometries that can be used as bone 
scaffolds, coral restorations, artificial rocks, and other applications. 
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