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Magnesium oxide cement is a promising alternative to Portland 
Cement considering its carbon capture ability. Hydration of 
magnesium oxide produces magnesium hydroxide with a low 
compressive strength. However, after carbon dioxide curing 
application significant strength development can be obtained. 
The efficiency of carbon dioxide curing depends mainly on the 
depth of carbonation which is related to the surface area/volume 
ratio. In this study, 3D printed specimens were produced in order 
to enhance the rate of carbon dioxide penetration. The
compression tests and microstructural investigations (TGA, 
SEM, XRD) were conducted on the specimens. The compressive 
strength of carbonated 3D printed P0M100 specimens was 7 
times higher that of air cured ones. According to microstructural 
investigations the main form of carbonated magnesium was 
found to be nesquehonite. 
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Magnezyum oksit çimentosu, karbon yakalama kabiliyeti de 
düşünüldüğünde Portland Çimentosu yerine kullanılabilecek 
umut vadeden bir alternatif olabilir. Magnezyum oksit hidrate 
olduktan sonra düşük basınç dayanımına sahip magnezyum 
hidroksit oluşur. Ancak, karbondioksit kürleme uygulamasından 
sonra malzemede önemli bir dayanım gelişimi elde edilebilir. 
Karbondioksit kürlemenin verimliliği, esas olarak yüzey 
alanı/hacim oranıyla ilişkili olan karbonatlaşma derinliğine 
bağlıdır. Bu çalışmada, karbondioksit penetrasyon oranını 
artırmak için 3B yazdırılmış numuneler üretildi. Numuneler 
üzerinde basınç testleri ve mikro yapısal incelemeler (TGA, 
SEM, XRD) gerçekleştirildi. Karbonatlaştırılmış 3B yazdırılan 
P0M100 numunelerinin basınç dayanımı, hava ile kürlenen aynı 
seri numunelerinkinden 7 kat daha yüksek ölçüldü. Mikro 
yapısal incelemelere göre, karbonatlı magnezyumun ana 
formunun nesquehonite olduğu bulundu. 
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1. INTRODUCTION 
 
When the high demand for concrete is taken into account, Portland cement production has an energy 
requirement equivalent to 7% of global energy consumption [1, 2]. In addition to carbon dioxide released 
during the calcination of clinker in the rotary kiln, the fuels used to heat the kiln also release carbon dioxide 
and the combination of these carbon dioxide emissions makes Portland cement production responsible for 
8% of the global carbon emissions. [1-3]. Therefore, the increasing global concrete demand has to be met 
by sustainable alternatives [4-6]. These alternative products should be used instead of Portland cement or 
at least partially replace Portland cement in concrete mixtures [7]. Subsequently, comprehensive 
microstructural characterization and durability assessments are essential to evaluate the performance of 
these sustainable concretes.  
  
For example, magnesium oxide cement has an important potential to become an environmentally friendly 
alternative to Portland cement which poses serious environmental problems in the world [8]. Especially, 
when magnesium oxide is derived from seawater the environmental damage during its production is 
minimized [9].  Additionally, magnesium hydroxide (Mg(OH)2), which can be used as magnesium oxide 
cement source, is highly abundant in the oceans and seas [9,11-13]. Since magnesium hydroxide requires 
low calcination temperatures compared to Portland cement calcination the process requires considerably 
less amount of energy is and no toxic gases are emitted during production. Moreover, magnesium oxide 
powder can be carbonated to gain strength and consume carbon dioxide during concrete production, which 
can mean negative carbon emission [14,15]. Recent studies on magnesium based materials also showed 
that magnesium oxide cement has some positive effects on the properties of concrete [9,10].  
  
On the other hand, environmental conditions during hydration and carbonation influence the products of 
magnesium oxide cement [16-19]. These magnesium based products are mainly nesquehonite           
(MgCO3-3H2O), hydromagnesite (4MgCO3-Mg(OH)2-4H2O) and dypingite (4MgCO3-Mg(OH)2-5H2O) 
and their strength depends mostly on the conditions during the carbonation process because carbonation 
causes strength development by filling the pores in the medium. For example, a few researches inferred 
that nesquehonite showed higher strength than other products due to its denser structure compared to other 
magnesium carbonate hydrate forms [20]. Unluer and Al-Tabbaa (2012) attributed this behavior to the 
2.34x volume increase of magnesium hydroxide due to newly formed needle like structures in its 
morphology after carbonation [20]. This solid volume increase reduces the voids in the matrix and causes 
significant increase in rigidity and strength. However, it is very difficult to obtain high quality nesquehonite 
due to the effects of environmental conditions aforementioned [21]. For example, nesquehonite starts to 
lose its stability and may turn to other magnesium carbonate hydrates such as hydromagnesite and 
dypingite. Although these new forms are more stable changes in microstructure may cause reduction in 
material’s strength [22]. 
  
Dimensions and the surface area/volume ratio of the materials are important parameters in terms of both 
carbon dioxide penetration and extent of carbonation. Various materials can be printed by using 3D printing 
technology with tailored shape and dimensions [23]. In this study it was aimed to increase the carbon 
penetration surface area of specimens via 3D printing techniques and specimens with infill pattern were 
produced by 3D printing applications [24]. In order to understand the efficiency of 3D printing application 
on the extent of carbonation thermal gravimetric analyses and mechanical tests were performed on the 
specimens.  
 

2. EXPERIMENTAL STUDY  
 
2.1. Materials and Mix Proportions 
 
In the study, CEM I type 42.5 R Portland cement (PC) and reactive magnesium oxide powder (RMP) were 
used. The chemical compositions of the binders are given in Table 1. Acid neutralization was performed to 
measure the reactivity of RMP. Phenolphthalein (pH indicator) was added to the mixture of 0.28 g RMP 
and 50 ml 0.07 mol/l citric acid solution. In this measurement, a shorter neutralization time indicates higher 
reactivity. The color change, i.e. neutralization, occurred in 195 seconds. 
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Table 1. The chemical compositions of the binders. 

Binder 

Chemical Oxide (%) 

MgO CaO SiO2 Fe2O3 Al2O3 Cl SO3 
Loss on 
ignition 

RMP 98.2 0.8 0.35 0.15 0.1 0.35 0.05 1.7 
PC 2.9 62.6 19.1 2.3 5 - 3.3 2.8 

 
Particle size distributions of PC and RMP are given in Figure 1. 0.43 water to binder (w/b) ratio was used 
for 100% PC paste and 1.1 w/b ratio was used for 100% magnesium oxide paste to obtain similar yield 
behavior. Mixing proportions of other hybrid groups were determined considering 10% and 50% paste 
replacement of cement paste by volume. Binder powders and water were mixed for two minutes with a 
hand mixer and the paste sample was immediately poured into the syringe mold. 3D printed cylindrical 
specimens were produced by using four different mixtures (Table 2). Printing pattern and 3D printing of 
the specimens by using a syringe based 3D printer are shown in Figure 2. Two hours after printing the 
specimens were moved to their curing medium. The inseam for the infill pattern specimen was rotated by 
3.5° for every subsequent layer. The rheological properties of mixtures affected the dimensions of the 3D 
printed specimens, especially their radius. The dimensions of the specimens are given in Table 3. The 
average radius of the 3D printed specimens was 27.3 mm ± 0.4 mm and the average height of the 3D printed 
specimens was 25.5 ± 0.6 mm. The wall thickness of the specimens was 4 mm. Compared to the total 
surface area/volume ratio of a solid cylinder, that of 3D printed specimens increased 2.5 times. By this way 
it is aimed to facilitate carbon dioxide penetration to the 3D printed specimens. 
 

 
Figure 1. Particle size distributions of RMP and PC 

 
Table 2. Mix proportions and specimen designations. 

Specimen group w/b 
Water 
(kg/m³) 

Portland cement 
(kg/m³) 

RMP 
(kg/m³) 

P0M100 1.1 800 0 730 
P50M50 0.67 690 670 360 
P90M10 0.47 600 1200 70 
P100M0 0.43 580 1340 0 

 

 
Figure 2. Printing pattern of specimens (left), 3D printing of specimens (right) 
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Table 3. Dimensions of the 3D printed specimens 

Curing 
Specimen 
number 

P0M100 P50M50 P90M10 P100M0 
Ø 

(mm) 
h 

(mm) 
Ø 

(mm) 
h 

(mm) 
Ø 

(mm) 
h 

(mm) 
Ø 

(mm) 
h 

(mm) 

%10 
CO2 

1 27.3 25.1 27.1 25.2 27.8 26.2 27.6 25.4 
2 27.2 25.3 27.1 25.7 28.3 26.1 27.8 25.2 
3 27.2 25.9 27.5 25.0 27.0 26.7 26.9 25.7 

Air 
1 27.2 25.0 27.7 25.2 27.1 26.4 27.0 25.0 
2 27.1 25.2 27.5 25.0 27.6 26.2 27.3 25.0 
3 27.1 25.1 27.1 25.8 26.9 26.6 27.9 25.0 

Ø represents the diameter of the 3D printed specimens 
h represents the height of the 3D printed specimens 
 
2.2. Rheological Tests 
 
Binder powders and water were mixed for two minutes with a hand mixer and the paste sample was poured 
on a rheometer plate. Platen adjustment was completed in two minutes and each test started at 5th minute 
of mixing. Parallel plates were used to test the sample and the rheological properties were monitored during 
the test. 
 
2.3. Curing 
 
Specimens were subjected to CO2 and air curing. Half of the specimens were cured in a carbon dioxide 
incubator at 20% ±1% CO2 concentration, 25°C ± 2°C temperature and 85% ± 5% RH for 7 days and the 
remaining specimens were kept in an air curing chamber at temperature of 25°C ± 3°C and a RH of 70% ± 
10% for 7 days. At the end of curing period compression tests and thermal gravimetric analyses were 
conducted on the 3D printed specimens. 
 
2.4. Compression Test 
 
Before compression tests capping was applied by using dental stone gypsum. The dimensions of the 
specimens varied since their rheological properties were not exactly the same. Therefore, displacement 
controlled loading was applied in this study instead of load-rate controlled loading. The compression tests 
were performed using an electromechanical testing machine (MTS Criterion C43 Universal Testing 
Machine, MTS, USA) with a loading rate of 0.15 mm/min as it is shown in Figure 3.  
 

 
Figure 3. Compression test of a 3D printed specimen 

 
2.5. Thermal Gravimetric Analysis 
 
After the compression tests, the broken samples were ground into powder using a mortar and pestle and 
sieved using a 150 μm sieve. 20 mg of sample was taken from the powder mixture and loaded into the 
thermal gravimetric analyzer (TGA Q50, TA Instruments, USA). The temperature was increased linearly 
from 25 to 1000 °C with a heating rate of 20 °C/min under a nitrogen flow of 60 mL/min. 
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3. RESULTS 
 
3.1. Rheological Test Results 
 
Parallel plates were used to test the sample and the rheological properties were monitored during the test. 
Table 4 shows rheological properties of all the groups. The results showed that replacement of 10% of 
Portland cement paste with magnesium oxide paste had no significant effect on rheological properties of 
the paste but 50% replacement affected rheological properties prominently. 
 
Table 4. Rheological properties of all the mixtures 

Specimen group Yield strength (Pa) Storage modulus (kPa) Plastic viscosity (Pas) 
P0M100 47.6 23.84 1.21 
P50M50 327.7 161.90 4.12 
P90M10 62.5 48.30 1.88 
P100M0 57.0 54.80 1.97 

 
3.2. Compression Test Results 
 
Compression tests were applied on the specimens after curing by using a uniaxial compression testing 
device. Cross-sectional area of each of the 3D printed specimens were determined by using Equation 1.  
 
𝐴 ൌ

గ

ସ
ሺ∅ଶ െ ሺ∅ െ 2𝑡ሻଶሻ ൅ 2 ൈ ሺ∅ െ 2𝑡ሻ ൈ 𝑡  (1) 

 
A is the calculated cross-sectional area, Ø is the measured diameter, t is the wall thickness (4 mm). After 
compression tests the peak loads were recorded and by using the calculated cross-sectional areas of the 
specimens their compressive strength values were calculated. The measured peak load and the calculated 
cross-sectional area of the specimens were given in Table 5.  The average compressive strength value of 
each group was given in Figure 4. Also, increase in the compressive strength of specimens after carbonation 
was calculated and given in Table 6. 
 
Table 5. The measured peak loads and the calculated cross-sectional areas of the specimens 

Curing 
Specimen 
number 

P0M100 P50M50 P90M10 P100M0 
P.L.    
(kN) 

A 
(mm2) 

P .L.   
(kN) 

A 
(mm2) 

P.L.    
(kN) 

A 
(mm2) 

P.L.    
(kN) 

A 
(mm2) 

%10 
CO2 

1 10.10 447 11.10 443 13.12 457 8.95 453 
2 11.27 445 10.85 443 11.91 468 9.92 457 
3 9.85 445 11.53 451 11.72 441 10.15 439 

Air 
1 1.29 445 3.68 455 2.35 443 6.21 441 
2 1.58 443 4.35 451 3.22 453 5.71 447 
3 0.85 443 2.44 443 2.20 439 6.13 460 

P.L. represents the peak load 
A represents the cross-sectional area 

 
The compressive strength of 3D printed P100M0 and P90M10 specimens was measured as 13.3 MPa and 
5.9 MPa after 7 days of air curing. On the other hand, the compressive strength of 3D printed P50M50 and 
P0M100 specimens was measured as 7.7 MPa and 3.0 MPa after 7 days of air curing. Probably, the 
increased surface area of the 3D printed specimens caused rapid drying which may reduce compressive 
strength during air curing [23,25].  
 
Moreover, 3D printed specimens incorporating magnesium oxide showed higher strength development 
after carbonation. P0M100 specimens showed 698% increase in the compressive strength while P100M0 
specimens showed only 58% increase in the compressive strength after 7 days of carbon dioxide curing. 
According to the results it seems that carbonation of MgO has much more potential to improve the 
compressive strength than Portland cement. Since magnesium based specimens has much more potential 
for carbonation the increase surface area caused prominent strength development compared to the 
specimens incorporating Portland cement. 



 Effects Carbon Dioxide Curing on 3D Printed Cement Paste Incorporating Magnesium Oxide 

- 894 -  Ç.Ü. Müh. Fak. Dergisi, 40(4), Aralık 2025 

 
Figure 4. Compressive strength of 3D printed specimens at 7 days 

 
Table 6. Improvement in the compressive strength of 3D printed specimens after carbonation 

Specimen group Improvement in compressive strength after carbonation (%) 
P0M100 698 
P50M50 223 
P90M10 320 
P100M0 58 

 
3.3. Thermal Gravimetric Analysis Test Results 
 
Powder samples were taken from the specimens after compression tests and these samples were subjected 
to thermal gravimetric analysis. The samples were heated up to 1000°C and after analysis Differential 
thermogravimetry (DTG) curves were obtained. Figure 5 shows DTG results of all the groups.  
 

 
Figure 5. DTG diagrams of all the 3D printed groups 

 
DTG peaks give information about phase changes in the material and the peaks around 450°C and 700°C 
in PC based materials represent dehydration of calcium hydroxide and decarbonation of calcium carbonates 
[26, 27]. Similarly, the peaks around 400°C and 450°C in RMP based materials represent decomposition 
of magnesium hydroxide and hydrated magnesium carbonates [28]. According to the results it can be 
concluded that carbon dioxide curing caused reduction in the amount of both hydroxide compounds in the 
3D printed specimens and caused increase in the amount of both carbonated compounds. The total amount 
of calcium carbonate in the hybrid groups was very close to that of only PC paste after carbonation. There 
was an additional peak at 525 ºC representing the presence of magnesium carbonate (Magnesite) in P0M100 
specimens [22]. 
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3.4. X-ray Diffraction Test Results 
 
X-ray diffraction (XRD) tests were conducted on the sample taken from 3D printed specimens and XRD 
results are given in Figure 6. 
 

 
Figure 6. XRD results of 3D printed specimens 

 
Results showed that hydroxide contents of the specimens turned to carbonated forms after carbonation. 
Calcium hydroxide (Portlandite) content decreased in the specimens incorporating PC and it turned to 
calcium carbonate (Calcite) after carbonation and similarly magnesium hydroxide (Brucite) content 
decreased in the specimens incorporating RMP and it turned to carbonated forms such as nesquehonite, 
hydromagnesite and magnesite. As it is seen in the XRD results a significant change was observed in 
P0M100 specimens after carbonation. Therefore, the prominent strength development in P0M100 
specimens after carbon dioxide curing can be attributed to this massive phase transformation in P0M100 
due to carbonation. 
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3.5. SEM Investigation 
 
SEM analyses were conducted on the samples taken from 3D printed specimens and SEM images are given 
in Figure 7. Overall morphology of P0M100 sample after carbonation can be considered as nesquehonite 
while the overall morphology of P100M0 sample is calcite. There are some magnesium rich crystals, 
probably nesquehonite, among calcite formations in the P90M10 specimens. However, the microstructure 
of P50M50 is very complicated since it has various hydrated and carbonated forms in it. 

 

 
Figure 7. SEM images of P0M100 (upper left), P50M50 (upper right), P90M10 (lower left), P100M0 

(lower right) after carbonation 
 
4. CONCLUSIONS 
 
This study investigated 3D-printed specimens produced with four mix designs (as defined in Section 2.1) 
and compared CO₂-cured versus air-cured conditions. For the Mg-based printable paste P0M100, CO₂ 
curing increased compressive strength by 7 times relative to its air-cured counterpart. The carbonated 
P0M100 specimens achieved strengths that were 12% higher than carbonated P100M0 and 77% higher 
than air-cured P100M0 controls. The strength gains are consistent with the formation of Mg-carbonate 
phases under CO₂ curing and the microstructural analyses identified nesquehonite as the dominant 
carbonate. Since nesquehonite is unstable above 50 °C [10], the thermal durability of CO₂-cured Mg-based 
materials may be limited and exposure to elevated temperatures can influence the carbonate content and 
compromise strength. Overall, CO₂ curing of Mg-based printable pastes can be considered an effective 
route to early and significant strength for pattern filled design. 
 
Considering the carbon dioxide uptake capacity of magnesium based materials these results are promising 
for a better future. With the improvements in the technology, 3D printing applications will be more common 
in the world and it will be probably easier to harvest magnesium based materials from seawater [9]. Future 
work should target the efficiency of carbonation on larger specimens and systematic durability tests under 
elevated temperatures to establish service limits. 
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