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A B S T R A C T   

Magnesium oxide (MgO), which develops physical strength through carbonation, is a potential alternative to 
carbon intensive Portland cement. In this paper, we examined whether 3D printing could improve carbonation 
and compressive strength. The rheology of MgO paste was modified using mixtures of nanoclays and methyl
cellulose to produce cylinders with exposed open-to-air and closed (solid) infills. The results showed significant 
increases in strength at 3 and 28 days compared to conventionally cast specimens. This was attributed to higher 
exposed surface area and increase in porosity caused by high early water evaporation, both of which led to higher 
CO2 intake.   

1. Introduction 

There has been significant interest in using carbon capture and 
storage technologies to reduce atmospheric carbon dioxide [1]. Carbon 
dioxide sequestration in construction is gaining traction as well [2] 
especially since concrete is the most widely used material in the world, 
second only to water. The main ingredient in concrete today is Portland 
cement and given the scale of use, its manufacture accounts for 7–8 % of 
global greenhouse gas emissions [3]. Global cement production was 4.1 
billion metric tons in 2019 [4], and is projected to grow by 12 % by 2050 
[5]. One important step in improving construction sustainability is by 
introducing alternative lower carbon emission binders that can help 
replace or supplement Portland cement use [6]. Slag and fly ash, which 
are by-products of different industries, are widely used cement alter
natives. However, quality control limitations, low replacement levels, 
and potential decrease in early age strength [7] may deter from making 
sustainable environmental impact. Alkali-activated materials, geo
polymers and calcined clay cements are some other alternatives that 
have been explored [8–11], but have not realized momentous uptake by 
the industry. 

Magnesium-based cements have been identified as another alterna
tive due to abundance of magnesium on earth, especially in oceans 
[12,13]. Magnesium oxide (MgO) in particular has been used in con
struction in the past in the form of magnesium oxychloride, magnesium 
phosphate, and magnesium oxysulfate for non-structural applications 
like fire protection and insulation [14]. MgO has also been used as an 
additive to overcome shrinkage [15] due to expansion caused by its 
conversion to Mg(OH)2 (brucite) in the hydrating system. Because 

brucite has lower mechanical strength, the use of MgO as the primary 
binding material or even as a significant replacement of Portland cement 
has been limited. However, the true appeal of MgO is that it can react 
with CO2 to produce various magnesium carbonates such as nesque
honite (MgCO3⋅3H2O), hydromagnesite (4MgCO3⋅Mg(OH)2⋅4H2O), or 
dypingite (4MgCO3⋅Mg(OH)2⋅5H2O) which lend themselves to strength, 
while also acting as carbon sinks [2]. There are however some chal
lenges associated with using MgO for construction: carbonation at 
ambient conditions is a slow process leading to slow strength develop
ment [12]. Additionally, CO2 intake decreases as magnesium carbonates 
begin to form inside the exposed exterior walls that slows and eventually 
prevents carbon penetration. For example, up to 55 % uncarbonated 
brucite (hydrated MgO) has been found in cylindrical MgO-based con
crete specimens [16,17] disallowing the binding matrix from reaching 
its maximum strength. However, because 3D printing enables 
complexity free of cost, it allows for the creation of elements with higher 
surface area to volume ratio that could potentially facilitate greater CO2 
delivery and intake which subsequently leads to improved strength. 

Rheological properties and printing parameters are highly linked and 
their interdependency correlates to the mechanical performance. The 
ever-changing rheological and hydration properties of Portland cement 
result in continuously altered printing process parameters and in turn 
cause variations in wet and dry properties and performance of 3D 
printed elements [18–22]. For example, Wolfs and Salet utilized their 
findings alongside that of Panda et al. [23] to indicate that the nozzle 
height impact on print geometry and, in turn, on mechanical perfor
mance is dependent on the initial static yield stress and structuration 
rate [24]. Nevertheless, the effects of static yield stress, elastic modulus, 
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structuration rate, and viscosity on printing properties have been well 
documented [25–32]. Printing paths play a critical role in determining 
interfilamentous and interlayer bond strengths [33,34] for 3D printed 
concrete which can lead to anisotropic mechanical properties 
[18,20,21,30–33,35–38]. However, the dependency on print path is in 
turn dependent on the mixture properties, as researchers have reported 
both lower [24,33,36] and higher [34,39] compressive strengths of el
ements tested perpendicular to layer height. 3D printed MgO is novel 
and has only been reported by Khalil et al. who showed an increase in 
compressive strength from 18 to 30 MPa due to 3D printing [40]. The 
effects of printing patterns and anisotropy of the prints of MgO are un
known but can be expected to display similar performance to Portland 
cement. 

Studies have shown that conventional Portland cement can become 
3D printable using thixotropic admixtures, alternative binders and ac
celerators [23,24,35–39,41,42,32,33,43–47]. Adopting a similar 
approach of adding admixtures to MgO binders, accelerated hydration 
for MgO can be achieved using magnesium acetates [48,49] or brucite 
[50]. With the aid of polycarboxylate ether, hydroxyethyl cellulose and 
defoamer, Khalil et al. [40] were able to make a 3D printable MgO paste. 
On the other hand, replacement of MgO with compatible alternative 
binders can potentially reduce the environmental benefit of MgO con
crete as less carbonation has been observed when MgO was partially 
replaced by ground granulated blastfurnace slag (GGBS) or brucite [50]. 
Lastly, the rheology of MgO concrete and its compatibility with thixo
tropic additives has not been well studied [51]. In Portland cement 
systems, nanoclays (NCs) have been reported by many authors to offer 
significant increase in static yield stress compared to viscosity and have 
been widely adopted for concrete 3D printing [32,52–58]. 

Previous work by Douba et al [59] has shown that the thixotropic 
behavior of NC-modified Portland cement is driven by colloidal in
teractions due to adsorbed ions, electrostatic attractions and van der 
Waals forces rather than by chemical bonds associated with cement 
hydration products such as calcium silicate hydrates (C-S-H). Thus, NCs 
have high potential in showing similar thixotropic benefits in MgO 
cement systems despite the differences in hydration kinetics and prod
ucts between the two binders. NCs have also been coupled with poly
meric viscosity modifying admixtures (VMAs) to meet the rheological 
demand of 3D printing [32,43–46,60]. The high water adsorption 
associated with NCs [61], which can produce stiff filaments [53] causing 
tearing or splitting, can be compensated by the increase in viscosity due 
to VMAs, which is associated with an increase in filament cohesion 
[44,62] as well as increased stability [40,63]. 

In this work, the effects of NCs and methylcellulose (MC) as rheo
logical modifiers were studied first, where the combination of NC and 
MC in MgO paste has been investigated here for the first time, by 
measuring static yield stress, dynamic viscosity and macroscopic elastic 
modulus. Two mixtures with different water/binder (w/b) ratios and 
suitable rheological properties were then selected to test the efficacy of 
3D printing in increasing carbon penetration and intake. Cylinders with 
25.4 mm diameter and height were 3D printed using exposed open-to-air 
and closed (solid) infills and their compressive strengths at 3 and 28 
days of carbon curing were compared with those of conventionally cast 
cylinders with the same dimensions. Thus, the mechanical investigation 
examined the effects of rheological modifiers, w/b ratio, and printed 
infill pattern on compressive strength gain, which is still highly under- 
investigated for MgO cement systems. To the authors’ knowledge, this 
is the first peer-reviewed study investigating the rheology and effects of 
different infill patterns at similar load-orientation of MgO paste modi
fied with NC and MC. Additionally, chemical characterization using XRD 
and TGA was conducted to study the effect of carbonation curing by 
comparing the phase assemblage between carbonated and uncarbonated 
specimens. 

2. Experimental program 

2.1. Materials 

A high reactivity light burned magnesium oxide powder with > 98 % 
purity was obtained from Martin Marietta Magnesia Specialties with 
commercial name MagChem-30 and used for this study. The chemical 
composition and physical properties are shown in Table 1. The nano
clays used were homogeneously shaped palygorskite or attapulgite 
nanorods with length of 1.5–2.0 µm and diameter of 30 nm, supplied by 
Active Minerals under the commercial name Acti-Gel 208. The VMA 
used was a low molecular weight methylcellulose (MC) polymer with 
molecular weight of 14,000 and a degree of substitution of 1.5–1.9, 
supplied by Millipore Sigma. Both NC and MC were used by addition 
rather than substitution to MgO by weight of MgO powder. 

2.2. Specimen preparation 

The high specific surface area of MgO requires significantly higher 
w/b ratio than what is typically used for Portland cement. The rheology 
of plain MgO paste was characterized for w/b ratios of 1.1 and 0.9 as 
they represented the highest and lowest workable water contents 
respectively to produce mixable paste with no segregation. The density 
of MgO paste at 1.1 and 0.9 w/b was measured to be 1600 and 1630 kg/ 
m3, respectively. Thus, the minimum static yield stress required for the 
bottom layer to sustain the load of consecutive layers was estimated to 
be 373 Pa using the relationship σy ≥ σ0 = ρgh where σy is the static 
yield stress, σ0 is the stress at the first layer, ρ is density, g is the constant 
gravity acceleration (taken as 9.8 m/s2) and h is the height. Given the NC 
contents examined in this study and that the previous equation is a 
conservative estimate as it excludes additional structural buildup due to 
hydration or surface tension of thin layers [64], mixes with static yield 
stresses of 360 and 365 Pa were chosen to meet the printing re
quirements to produce 25.4 × 25.4 mm cylinders. The MC content was 
chosen based on the lowest content in this study that produced high 
print quality, as discussed later in section 3.2. The NC and MC dosages to 
achieve the static yield stress and print quality for 1.1 and 0.9 w/b were 
found to be 3 wt% NC + 1.5 wt% MC and 1.75 wt% NC + 1.0 wt% MC, 
respectively. Cast specimens were prepared with and without the same 
corresponding dosage of additives at both w/b ratios in 25.4 × 25.4 mm 
cylindrical molds and demolded after 24 h. 3D printed specimens were 
printed using a syringe gantry system with layer height and width of 
1.55 mm. A minimum of four specimens were prepared for each test and 
all specimens, cast and 3D printed, were covered in plastic wrap for the 
first 24 h to mitigate water evaporation while being kept in the ambient 
lab environment. After 24 h, specimens to be carbon-cured were placed 
in a CO2 incubator at 20 % CO2, 25◦C and 80 ± 5 % relative humidity 
(RH). Control specimens were also cured at 25◦C and 80 ± 5 % RH, but 
with CO2 at ambient levels (≈0.041 %). 

2.3. 3D printing 

Cylindrical specimens with 25.4 mm outer diameter were printed 

Table 1 
Chemical composition and physical properties of the supplied MagChem-30.  

Chemical composition (%) Loss on 
ignition (LOI) 

MgO CaO SiO2 Fe2O3 Al2O3 Cl SO3 

98.2 0.8 0.35 0.15 0.10 0.35 0.05 1.7% 

Physical properties 

Loose bulk 
density (g/ 
cm3) 

Median 
particle size 
(micron) 

Surface area 
(m2/g) 

Activity 
index (sec) 

% Passing 
325 mesh 

0.35 3–8 20–30 18 99  

A. Douba et al.                                                                                                                                                                                                                                  



Construction and Building Materials 328 (2022) 126867

3

using a syringe gantry printer built in-house with a nozzle diameter of 
1.55 mm and movement speed of 40 mm/sec. The printed configura
tions are summarized in Table 2 and the printer used is shown in Fig. 1. 
Infills #1 and #2 are open infills with infill density less than 100 % 
providing continuous hollow paths along the height whereas infill #3 is 
a closed infill at 100 % infill density made of concentric circles and is 
intended to mimic cast specimens. These two infills were selected to 
study whether any strength differences between open and closed infills 
are due to increased carbonation of the interior elements. Infill #2 was 
introduced in addition to infill #1 to examine the effects of load transfer 
on strength for printed specimens with infill density less than 100 %. 
Additionally, shells (without any infill) were printed and tested: shells of 
infills #1 and #2 have an average thickness of 2.85 mm whereas infill 
#3 shell has an average thickness of 3.1 mm. The difference in thickness 
is caused by different line overlap parameters to achieve the required 
geometries. 

Up to twelve specimens were prepared for each geometry and the 
mechanical results reported are the average of four specimens at a 
minimum. For sample sizes greater than four, sampling was held at one 
standard deviation from the population mean where samples above or 
below the standard deviation of the population were discarded as long as 
the sample size was maintained at four. The printing path was generated 
to achieve continuous printing of the complete specimen without any 
lifting or line crossing. This inadvertently resulted in skewing of the 
circular geometry to a more elliptical one, but with a variation of 
diameter of only 3–7%. When calculating strength, the average of both 
diameters was used for area calculations. Additionally, the area was 
assumed to be that of a full cylinder rather than the effective area for 
infills #1 and #2 to represent the cylindrical element strength rather 
than the specific material’s properties. 

2.4. Rheological characterization 

A HAAKE MARS III rheometer with a 21.9 mm 4-blade vane and a 
26.6 mm inner diameter cup was used to study the effects of NC and MC 
on the rheology of MgO paste. NCs were magnetically stirred into so
lutions at their respective content at 400 rpm for a minimum of 5 min 
while MC was dry-mixed with the MgO powder manually. The NC so
lution was used immediately after stirring and added to the premixed 
MgO + MC powders. Pastes were mixed for exactly two minutes using a 
handheld mixer and the testing setup was controlled to start the rheo
logical protocol 11 min from time of adding solution to dry powder to 
ensure similar shear history. All tests were performed at 25◦C with the 
test protocol shown in Fig. 2. All tests reached steady state by 1200 s and 
the plastic viscosity was recorded during steady state. New fresh pastes 

were prepared for each test to ensure similar shear history. The static 
yield stress was measured to be the peak stress response from applying a 
low, constant strain rate while the macroscopic elastic modulus was 
measured to be the slope of the stress–strain response within the linear 
region prior to yield within a strain range of 10-2 – 10-1. 

2.5. Mechanical, chemical and optical characterization 

For compressive strength testing, all specimens were capped using 
gypsum slurry to minimize confinement effects of the steel loading 
plates of the testing machine and to achieve smooth and parallel top and 
bottom surfaces for uniform axial loading. Tests were performed using 
an MTS Criterion C43 Electromechanical Testing Machine at a loading 
rate of 1.27 mm/min. 

Mechanical testing results were supplemented by chemical charac
terization to confirm carbonation and identify the carbonation products. 
For this purpose, roughly cubic samples of 2 mm were obtained from the 
outer surface and from around the central axis, both at halfway height, 
of the tested specimens. In cases where the tested cylinder’s failure mode 
prevented accurate sampling around the central axes, discs extracted by 
sawing unbroken cylinders were used where the outer surface was 
sanded off. Prior to sanding, these extracted discs were also used for 
optical microscopy using a Keyence VHX-5000 Digital Microscope. The 
products of outer surface sampling are referred to as exterior samples 
whereas those collected around the central axis are referred to as center 
samples for simplicity. All samples for characterization were pulverized 
using a mortar and pestle, and powder passing through a 53 µm sieve 
was collected. Qualitative chemical characterization was conducted via 
X-ray diffraction (XRD) and thermogravimetric analysis (TGA). The XRD 
was conducted using Malvern Panalytical XPert3 powder diffractometer. 
Powdered samples were packed into a circular sample holder and 
exposed to Cu-Kα radiation with generator conditions at 40 V and 40 
mA. The range of 2θ angles considered for the current study was 5◦ to 
80◦. Scans were run at a step size of 0.04◦ and step interval of 0.05 s per 
step. For TGA, 15 mg of the sample powder was placed in Thermal In
struments’ TGA Q50 thermogravimetric analyzer to observe mass loss 
when the sample was heated from room temperature to 1000◦C in an 
inert N2 atmosphere at a rate of 20◦C/min. 

3. Results 

3.1. Rheological measurements 

The results of static yield stress of MgO paste at 1.1 and 0.9 w/b with 
different MC and NC contents are presented in Fig. 3. MgO paste at 1.1 
and 0.9 w/b ratios have low static yield stresses of 2.4 and 10.4 Pa, 
respectively. In fact, at such low values the MgO paste can be considered 
to be a non-yield stress suspension, practically speaking. Addition of NC 
increases the static yield stress of MgO paste at 1.1 and 0.9 w/b at rates 
of 120 and 184 Pa per 1 wt% NC, respectively, as shown in Fig. 3; thus, 
transforming a non-yield stress paste into a relatively high yield stress 
paste that is suitable for 3D printing. Addition of MC alone increases the 
static yield stress at much lower efficiency – 1.3 and 9 Pa per 1 wt% MC 
for 1.1 and 0.9 w/b ratios, respectively. Overall, addition of MC to MgO 
paste with NC shows higher increase in static yield stress than NC alone 
up to 3 and 2 wt% MC at 1.1 and 0.9 w/b ratios, respectively. Doubling 
the content of MC either inhibits further increase or decreases it to 
similar levels as NC alone. Such effects were observed to greater extents 
in Portland cement systems, where MC increased NC efficiency in 
increasing the static yield stress up to a critical dosage threshold [60]. 

The elastic modulus was measured as the slope of the stress–strain 
diagram within strains in the range of 10-2 – 10-1 and the results of the 
effect of NC and MC on MgO paste are shown in Fig. 4. The increase in 
static yield stress due to the addition of NC correlates to an increase in 
the elastic modulus proportional to NC content, as shown in Fig. 4. The 
increases in elastic modulus at 1.1 and 0.9 w/b are 9.5 and 4.4 kPa per 1 

Fig. 1. Syringe 3D printer system used in this study to produce all prin
ted elements. 
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wt% NC, respectively. Addition of MC with NC, irrespective of MC 
content, led to lower increase in elastic modulus per 1 wt% NC content 
by 47 % and 57 % for 1.1 and 0.9 w/b, respectively. Because the change 
in MC content does not manifest in a significant change in the elastic 
modulus of either neat or NC-modified MgO paste, it could imply that 
MC causes a relaxation of the colloidal network due to stretching and 
uncoiling of the polymer coils [65,66], steric hinderance due to 
adsorption [67] or the collapse of the van der Waals network [68]. The 
critical concentration at which any of these phenomena occurs is outside 
the scope of this work and remains a subject of future investigation, but 
it is suspected to be lower than the lowest examined content at each w/b 
ratio. 

The results of plastic viscosity are shown in Fig. 5 where neat MgO 

pastes at 1.1 and 0.9 w/b ratios were recorded as having viscosities of 
0.83 and 0.26 Pa.s, respectively. Addition of NC alone increases the 
plastic viscosity of MgO paste by 0.2 Pa.s per 1 wt% NC irrespective of 
w/b ratio whereas addition of MC alone increases it by 0.27 and 0.38 Pa. 
s per 1 wt% MC for 1.1 and 0.9 w/b, respectively. Addition of MC in NC 
increases the effect of NC on viscosity to 0.25 Pa.s per 1 wt% NC. While 
an increase in viscosity is generally unfavorable for 3D printing, the 
addition of cellulose ethers such as MC enhances consistency [69,70] 
and cohesion [71,72]. Pastes at the highest viscosity of 3.5 Pa.s were still 
extrudable using the printer system used in this study. Furthermore, the 
effect of NC and MC on viscosity are marginal compared to the increase 
in static yield stress where the rate of increase per 1 wt% NC in static 
yield stress is 38 and 62 times that of viscosity at 1.1 and 0.9 w/b ratios, 

Fig. 2. Schematics of the applied rheological protocol and associated response of MgO paste.  

Fig. 3. Static yield stress measurements of MgO paste at 0.9 and 1.1 w/b ratios.  
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respectively. 

3.2. Printing performance 

To test the individual/combined effects of NC and MC on print 
quality, a rotating spirograph structure shown in Fig. 6 (a) was printed 
using different doses of only NC (Fig. 6 (b)), only MC (Fig. 6 (c)) or the 
combination of both (Fig. 6 (d)). The doses of NC or MC in Fig. 6 (b) and 
(c) were selected to magnify the effects of each additive on print quality 
for illustrative purposes. Those defects, highlighted by the red arrows, 
are still observed at the lower content but are so at a lower frequency or 
lesser extent. Fig. 6 (b) shows, as discussed previously in section 1, that 
defects associated with NC are caused by stiff filaments resulting in 
tearing and splitting. On the other hand, defects associated with MC are 
about poor buildability and shape stability (Fig. 6 (c)). The dosage in 
Fig. 6 (d) is the combination of the lowest NC and MC contents at 1.1 w/ 
b ratio which produce a high-quality print free of defects. While the 
addition of MC into NC-modified MgO paste did not show significant 
increase in static yield stress, as shown in Fig. 3, the effect of MC on print 
quality, likely linked to the decrease in elastic modulus and increase in 

viscosity (shown in Fig. 4 and Fig. 5, respectively), highlights the key 
role of utilizing VMAs in producing printable filaments. The combina
tion of NC and MC produced filaments with higher cohesion without 
sacrificing extrudability, buildability or shape stability. Thus, to produce 
3D printed elements for testing, NC and MC dosages were selected from 
the investigated ranges to meet the buildability stress requirement of 
373 Pa alongside the lowest MC content to produce high print quality. 
The corresponding mixes selected were 3 wt% NC + 1.5 wt% MC at 1.1 
w/b, which exhibited a static yield stress of 360 Pa, viscosity of 1.38 Pa.s 
and elastic modulus of 4.78 kPa, and 1.75 wt% NC + 1 wt% MC at 0.9 w/ 
b, which maintained a similar static yield stress of 365 Pa, viscosity of 
1.59 Pa.s and elastic modulus of 6.96 kPa. 

Table 3 shows all the tested specimens with reference to the con
figurations presented earlier in Table 2 in addition to photos before and 
after carbon curing for 28 days. As mentioned previously, printed 
specimens had a slightly distorted circular geometry. This was signifi
cantly exacerbated by the inseam lines for infill #3 where it was alter
nated at 180◦ on the same neutral axis causing a stretch in that direction. 
The inseam for both infills #1 and #2 was rotated by 3◦ for every sub
sequent layer. The accumulation of the inseam for 16 layers (total of 48◦

Fig. 4. Elastic modulus measurements of MgO paste at 1.1 and 0.9 w/b ratios.  

Fig. 5. Plastic viscosity measurements of MgO paste at 1.1 and 0.9 w/b ratios.  
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rotation of the top layer compared to the first layer) caused a stretch in 
the direction of the inseam. Some residual deposition from the inseam at 
the last layer protruded from all specimens, which was removed prior to 
testing and the surfaces were flattened and capped. After carbon-curing, 
a distinct change in color of the specimens from white (the color of the 
precursor MgO powder) to light yellow or off-white is observed, which 
could indicate carbonate formation as this change is not observed in the 
specimens cured in the low-CO2 environment. Some white spots were 
observed on the carbonated 3D printed elements which were later 
identified as unhydrated MgO and are further discussed in the analysis 
of XRD results. 

3.3. Compressive strength results 

3.3.1. Cast specimens - role of admixtures and carbon curing 
The goal of this study was to examine whether enabling 3D printing 

of MgO cement can increase CO2 intake and subsequently increase 
compressive strength. The dosages of NC and MC in both 1.1 and 0.9 w/ 
b ratios were selected to maintain a similar static yield stress while 
maintaining high print quality. As a result, the dosages of NC and MC are 
different between the two w/b ratios, which may impact compressive 
strength differently. To characterize such effects, cast specimens were 
prepared with and without admixtures at their respective w/b ratios and 

Fig. 6. Print quality test for (b) NC, (c) MC, and (d) NC with MC, where defects are indicated by red arrows. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 

Table 2 
3D model illustrations of the print infill type showing dimensions, printing paths, and detailed views.  
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tested for 3- and 28-day strengths and the results are shown in Fig. 7. For 
a given w/b ratio and curing condition, the change in compressive 
strength due to admixtures is insignificant except in two cases. The first 
is at 3 days: when admixtures are included at 0.9 w/b ratio, the carbon- 
cured specimen shows a decrease in strength of 38 %. The second is at 
28 days where addition of admixtures at 1.1 w/b ratio shows an increase 
of 61 % of carbon-cured specimen. The increase in strength in 1.1 w/b 
specimens is likely caused by the improved shape retention with ad
mixtures preventing early deformation of the low static yield “Neat” 
specimen after demolding, as shown in Fig. 7. On the other hand, it is 
unclear what caused the decrease in strength at 0.9 w/b with the 
addition of admixtures. Because the strength of Neat specimens and of 
ones with admixtures at 28 days are similar, the addition of admixtures 

could have retarded early strength development up to 3 days. In fact, the 
Neat at 0.9 w/b reaches 93 % of the 28 days strength by 3 days. Thus, to 
rule out the effects of admixtures, all printed specimens will be 
compared to cast counterparts at the same corresponding dosage of 
admixtures. 

For a given curing condition, whether admixtures are used or not, 
reducing the w/b ratio of MgO pastes shows higher compressive strength 
at younger age [73], similar to Portland cement. More notably, all 
carbon-cured specimens show an increase in compressive strength over 
their air-cured counterparts, as expected. The increases are 710 % at 3 
days and 1280 % at 28 days for 1.1 w/b ratio, and 310 % at 3 days and 
390 % at 28 days for 0.9 w/b ratio. This confirms that accelerated 
carbonation is crucial for compressive strength development of MgO 

Table 3 
Top view of different sample configurations; carbonated specimens are cured for 28 days. All residual inseams were removed and flattened prior to capping to 
ensure uniform loading conditions.  

Fig. 7. Compressive strength of cast specimens with (“Admixture”) and without (“Neat”) admixture.  
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concrete and that the need to increase carbon intake and its rate is vital. 
Therefore, the rest of the discussion will be focused on the effects of 3D 
printing on compressive strength of only carbon-cured specimens. 

3.3.2. 3D printing effects 
The results of compressive strength of 3D printed versus cast speci

mens are shown in Fig. 8 and indicate higher compressive strength of 
printed specimens over their cast counterparts. The maximum increases 
are 525 % at 3 days and 432 % at 28 days for 1.1 w/b ratio with infill #2, 
and 455 % at 3 days and 390 % at 28 days for 0.9 w/b ratio with infill 
#3, respectively. Because MgO paste gains mechanical strength through 
carbonation, the increase in strength of 3D printed specimens over their 
cast counterparts can be directly attributed to higher carbon intake 
leading to higher content of magnesium carbonates. Differences in 
strength between the infill patterns can be attributed to either differ
ences in carbon intake or load bearing capacity. While the degree of 
carbonation is further investigated by the recorded mass change and 
chemical characterization in sections 3.4, 4.2 and 4.3, the bearing ca
pacity and, more specifically, stress transfer can be examined by 
comparing the infill patterns at 1.1 w/b ratio. Infill #2 may be recalled 
consisting of six channels compared to the four of infill #1. Since both 
open infills expose the interior structure to atmospheric conditions 
including carbon curing, the changes in mechanical strength between 
infills #1 and #2 are influenced by differences in load bearing capacity, 
stress transfer mechanism, and/or carbon intake. However, 3D modeling 
of both infills reflect only 5 % change in the exposed surface area due to 
filament thickness and line overlapping parameters. Thus, the differ
ences in strength between both infills are more likely due to changes in 
stress transfer or load bearing capacity. Since both infills #1 and #2 
were not designed using topological optimization, it is safe to assume 
that optimum stress transfer is achieved with a solid 100 % infill such as 
in infill #3. Because the strength of cylinders with infill #2 and infill #3 
are statistically indifferent, maintaining similar strength with lower 
infill density such as infill #2 indicates maintaining optimum stress 
transfer. Further decrease in infill percentage at infill #1 however re
sults in a decrease in strength, suggesting the likelihood of stress con
centrations, worsened stress transfer or reducing bearing capacity. Stress 
analysis using finite element mapping local carbonates locations is 
needed to further investigate those differences and is subject to future 
research. 

Comparing the effects of w/b ratios of similar infills, 0.9 w/b spec
imens show higher compressive strength at 3 days whereas statistically 
there is no difference in the strengths at 28 days between the two w/b 
ratios. This corresponds to a significantly higher rate of strength 

development from 3 to 28 days for specimens at 1.1 w/b (by 103 % and 
175 % for infills #1 and #3, respectively) compared to 0.9 w/b (by 47 % 
and 62 % for infills #1 and #3, respectively). The authors suspect this to 
be due to differences in porosity between the two [74]. Since all speci
mens are cured at 80 % RH, water evaporation due to drying continues 
to occur for the duration of curing. The specific gravities of MgO and 
brucite are 3.58 and 2.37 [7], respectively, while those of some of the 
magnesium carbonates are less than 2.25 [75]. Thus, the conversion of 
MgO to brucite and subsequently to magnesium carbonates involves a 
sequential increase in solid volume. The resulting expansion leads to a 
denser microstructure filling up capillary pores and reducing CO2 
penetration, as a function of the reduced permeability. Because speci
mens made with 1.1 w/b have higher water content, a higher capillary 
porosity is expected at early ages of curing where water evaporation is 
expected to occur at a higher rate than carbonation. As curing continues, 
the higher porosity aids CO2 penetration and creates more space for 
magnesium carbonates to form. 

3.3.3. Strengths of shells and cores 
Carbonation is a function of permeation, diffusion and crystal growth 

potential, all of which are positively impacted by greater porosity. 
Therefore, to further investigate the role of w/b ratios on porosity, and 
subsequently on carbon intake and compressive strength, additional 
cylindrical specimens representing the shells and cores of infill #3, a 
solid/closed infill, were tested for compressive strength after 28 days of 
carbon curing. The representative shell (“Infill #3 - shell”) involved 
printing two concentric circles, creating a hollow cylinder with 25.4 mm 
outer and 19.7 mm inner diameters and a height of 25.4 mm. “Reduced” 
cores are essentially carved-out cores, prepared by first printing 25 mm 
infill #3 specimens, carbon-curing them for 28 days as before, and 
finally sanding them down uniformly to remove the outer ‘shell’ volume 
(2.7 mm from all surfaces) to create smaller cylinders of 20 mm diameter 
and height. These provide a clue to physical and mechanical properties 
of the interior of the specimens where the carbon penetration is 
hampered by the exterior. To get an understanding of how the interior 
would have performed with an ideal, 100 % porous exterior, represen
tative or “Simulated” cores, also with 20 mm diameter and height to 
compare with the reduced cores, were intended to be produced. How
ever, because the regular 25.4 mm specimens were too soft to be sanded 
prior to carbon curing (after 24 h of printing), the simulated cores were 
prepared instead by printing 20 mm diameter and height cylinders with 
the same line parameters as for reduced cores and were carbon cured for 
28 days before testing. 

The results of all specimens are shown in Fig. 9 supporting previous 

Fig. 8. Compressive strength results of 3D printed specimens compared to cast specimens.  
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observations that higher w/b ratio correlates with higher compressive 
strength after 28 days of carbon curing for the printed, unprocessed 
specimens. Since strength gain is a direct result of carbonation, a higher 
strength at higher w/b ratio suggests a positive correlation between 
increasing w/b ratio and carbonation. This relationship is maintained in 
the simulated cores. While shells prepared at 0.9 w/b ratio show similar 
strength to the closed infill specimens, shells at 1.1 w/b show an increase 
in strength. Shell specimens have better exposure to CO2 due to the 
higher surface area to volume ratio as compared to core specimens and 
can thus undergo more carbonation. For closed specimens, once the 
exterior is fully carbonated, little to no further carbon penetration or 
diffusion to the core is expected. The processed specimens, i.e. the 
reduced cores, show the opposite trend where the higher w/b ratio 
specimens had lower strengths than the lower w/b ones. This effect can 
be directly attributed to carbonation rather than size-effects as simu
lated cores maintain similar behavior to those of infill #3 at the larger 
size. On the other hand, higher compressive strength is observed at 1.1 
w/b compared to 0.9 w/b for simulated cores contrary to reduced ones. 
The increased water evaporation at higher w/b prior to carbonation 
results in higher porosity that increases carbonation at the shells. After 
the shells carbonate, little carbon diffusion occur at the core leaving 
more porous cores at 1.1 w/b compared to 0.9 w/b which could explain 
the change in strength trend observed. 

3.4. Mass change 

The mass of carbon-cured and ambient condition specimens was 
recorded at 1, 3 and 28 days. The relative humidity in both conditions is 
less than 100 %, which should cause evaporation of water and lead to a 
decrease in specimen mass. On the other hand, carbonation will increase 
the specimen mass due to absorption of carbon dioxide to form mag
nesium carbonates. The change in mass of carbonated specimens should 
then be the increase in mass due to carbonation combined with the 
reduction in mass due to water evaporation. Ideally, the loss of water for 
all specimens can be estimated by the change in mass just under ambient 
condition, since both conditions have the same temperature and RH. 
However, a confounding factor in the case of carbonated specimens is 
that the decreased surface porosity due to carbonation will impede 
water evaporation at later ages, deviating from the water loss of ambient 
condition specimens. Therefore, the analysis of change in mass shown in 
Fig. 10 is only qualitative to compare different infill patterns, effect of 
printing, and the change in w/b ratio. 

The results show that all 3D printed specimens exhibit a higher mass 
increase due to carbonation than the cast specimens regardless of age, 
and no significant differences between infill patterns are observed. At 3 
days age, there are no significant differences in mass change between 

both w/b ratios. However, at 28 days, all specimens (printed and cast) 
show higher mass increase at 1.1 w/b compared to 0.9 w/b ratio. These 
results support that higher w/b ratio leads to higher water loss 
increasing porosity and enhancing carbon penetration to yield higher 
compressive strength as discussed previously. 

In order to study the effects of 3D printing on water evaporation 
only, a new set of specimens were prepared and stored at ambient 
conditions with the same relative humidity and temperature as for the 
carbon-cured ones. To exclude the effects of internal infill pattern this 
analysis is focused on only cast and infill #3 specimens. Because the 
exposed surface area conditions changed for cast specimen with 
demolding at 24 h, the results of mass change were recorded between 
0 and 24 h separately from 1 to 3- and 28-days carbonation periods. The 
results are shown in Fig. 11 and clearly indicate that printed specimens 
lose more water on average than cast ones within the first 24 h. This is 
likely attributed to the higher exposed surface area of 3D printed spec
imen compared to that of cast which stay inside the casting molds. The 
greater mass loss of printed specimens by 64 % and 290 % at 1.1 and 0.9 
w/b ratios leads to less available water for MgO hydration but also 
implies greater porosity. 

Once the initial loss has occurred and both specimens are equally 
exposed to similar conditions, cast specimens show similar or greater 
mass loss at 3 and 28 days compared to 3D printed ones. This is likely 
attributed to the greater amount of free water available in cast specimen 
owing to lower water evaporation during the first 24 h. 3D printed 
specimens at 1.1 w/b undergo mass loss similar to or greater than that at 
0.9 w/b, following similar analysis. On the other hand, while cast 
specimens at 1.1 w/b had greater initial loss than those at 0.9 w/b 
within the first 24 h, specimens at 1.1 w/b maintained greater water 
loss. This is likely caused by the reduced water loss due to the additional 
protection from the casting molds, which was immediately followed by 
carbonation and corresponding reduction in shell porosity due to the 
formation of carbonates, as discussed in section 3.3.2. Nevertheless, 
since the differences recorded at 1 and 3 days did not result in significant 
differences in strength compared to those observed at 28 days, and 
because water loss at 28 days is four times as that at earlier ages, it is 
likely that the level of water saturation of pores, which is expected to 
decline with age due to evaporation, has a significant impact on CO2 
diffusion and, subsequently, on strength development. 

4. Microstructural analysis 

4.1. Visual differences and microscopy images 

Fig. 12 shows a cast and a printed specimen after crushing. Some 
visual and textural differences are apparent after just 3 days of carbon 
curing. The exposed surfaces were hard to the touch and had a yellowish 
or off-white color characteristics. These were inferred to be associated 
with the crystallized magnesium carbonates as carbonation is expected 
at these locations. The interior had a flaky soft texture and white color 
and inferred to be either unhydrated MgO or brucite. These inferences 
are also based on the difference in color observed between carbonated 
and uncarbonated specimens in Table 3. To further investigate the visual 
differences, discs of 1.5–2 mm thickness were prepared of cast and 3D 
printed specimens that were carbon cured for 3 days at both 1.1 and 0.9 
w/b ratios as shown in Fig. 13. The noted color difference identified 
visually between carbonated and uncarbonated areas can similarly be 
inferred as unhydrated MgO or brucite due to the white flaky and soft- 
textured areas. Comparing both 1.1 and 0.9 w/b images, greater num
ber of micropores and thicker dark shells can be identified in the 1.1 w/b 
specimens compared to 0.9 w/b specimens, which is in agreement with 
previous discussions on the positive correlation between greater water 
loss, higher porosity and improved carbon penetration. Nevertheless, 
the image analysis in this section remains speculative and conclusive 
classification of carbonated versus uncarbonated areas can be completed 
with the use of SEM EDS analysis and is subject to future work. 

Fig. 9. Comparison of 28-day compressive strength of Infill #3 specimens with 
outer shell and inner cores (reduced and simulated). Infill #3 and the corre
sponding shell have an outer diameter of 25 mm, while the cores have an outer 
diameter of 20 mm. 
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4.2. X-ray diffraction spectroscopy 

Samples for X-ray diffraction were obtained as detailed earlier and 
several diffractograms are presented in Figs. 14, 15, 16 and 17. Because 
the depth of carbon penetration changes with w/b and curing age, exact 
separation of shells and cores of the tested specimens was not possible, 
deterring from quantitative XRD assessment. Thus, analysis in this sec
tion is focused on detecting and identifying the different magnesium 
carbonate phases, any unhydrated MgO or uncarbonated brucite. The 
samples for XRD analysis were collected from the tested cylinders whose 
strength was reported in the previous sections. Particle diffraction files 
were used to identify phases such as MgO (PDF#45–0946), brucite 
(PDF#44–1482), nesquehonite (PDF#20–0669), hydromagnesite 
(PDF#20–0669), dypingite (PDF#23–1218), magnesite 
(PDF#08–0479), calcite (PDF#5–586) and portlandite (PDF#44–1481) 
among others. Identification was based on the higher order peaks 
therein and these have been labeled where encountered. 

Fig. 14 shows the XRD spectra of exteriors and centers of 1.1 w/b cast 
specimens that were carbon-cured for 3 and 28 days, in addition to the 
exterior of a 1.1 w/b cast specimen cured for 28 days at ambient con
ditions. No magnesium carbonates were detected in the exteriors of 
ambient condition specimen signifying that no carbonation occurs at 
either 3 or 28 days. Furthermore, since carbonation first occurs at the 

exteriors, no magnesium carbonate products are expected in the center 
in this case. On the other hand, nesquehonite (2θ = 13.6◦, 23.1◦) is 
detected in the exterior of the carbon-cured specimens as early as 3 days 
and also at 28 days, alongside some uncarbonated brucite (2θ = 38◦, 
18.5◦) at both ages. The centers at both 3 and 28 days showed very small 
peaks of nesquehonite and confirmed the earlier hypothesis that once 
the shell is carbonated, carbon penetration is greatly reduced. Because 
the cast specimen cured in the ambient CO2 environment showed no 
detectable magnesium carbonates even after 28 days, the rest of this 
analysis is focused only on carbon-cured specimens. Some calcite is also 
detected (2θ = 29◦) possibly due to the CaO impurity in the MgO, but is 
irrelevant to the discussion in this study. 

XRD spectra of the 3D printed infill #3 specimens at 1.1 w/b were 
examined at 3 and 28 days and are presented in Fig. 15. Similar to cast 
specimens, the exteriors show distinct evidence of magnesium carbon
ates in the form of nesquehonite as early as 3 days alongside uncarbo
nated brucite, whereas no magnesium carbonates are detected at the 
core. However, unlike in cast specimens, some unhydrated MgO (2θ =
42.9◦, 62.3◦) was also detected in both the exterior and the center of the 
printed specimens. As reported previously, 3D printed specimens show 
significantly higher water evaporation compared to cast ones in the first 
24 h due to the difference in surface exposure/protection. The excessive 
water loss could prevent complete hydration of some of the MgO paste. 

Fig. 10. Percentage change in mass due to carbonation where water evaporation losses were measured by recording mass change of similar specimens stored at 
ambient conditions. 

Fig. 11. Mass loss during initial molded time of cast specimen (0 – 1 day) and time period post demolding equal to carbon curing period (1 – 3 days; 1 – 28 days) 
where all specimens are stored at ambient condition. 
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Additionally, the conversion of MgO to brucite (Mg(OH)2) requires the 
molar ratio of H2O:MgO of 1:1 while the conversion of MgO to nes
quehonite requires a higher molar ratio of H2O:MgO of 3:1. If carbon
ation is introduced while MgO is still within its primary hydration phase, 

carbonation and hydration will compete for available water. Addition
ally, higher water evaporation could lead to higher porosity and sub
sequently higher degree of carbonation, further increasing the 
competition over pore water. Since specimens are first left at ambient 

Fig. 12. Crushed cast (left) and infill#1 (right) cylinders at 0.9 w/b ratio exposing two visually different materials identified as magnesium carbonates with 
yellowish color (highlighted with red dotted line rectangles) and unhydrated MgO or brucite identified as white flaky powder (highlighted with blue dotted 
line ovals). 

Fig. 13. Optical microscopy images of slices of cast and 3D printed cylinders at 0.9 and 1.1 w/b ratios after 3 days of carbon-curing.  
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conditions for the first 24 h before carbon-curing is introduced and 
because the MgO used in this study is light burned with high reactivity, it 
is more likely that the unhydrated MgO is primarily caused by the 
excessive evaporation while the increased water consumption from 
carbonation plays a secondary role. It is important to highlight that 
increasing the studied RH would likely yield similar results, as water loss 
was also reported by Vandeperre at 98% RH [76]. This however suggests 
that alternative cyclic curing methods that alternate replenishing water 
and carbonation could lead to higher levels of overall carbonation and 
mechanical performance [74]. 

Similar analysis for cast and infill #3 3D printed specimens was 
carried out for 0.9 w/b ratio specimens at 3 and 28 days and the results 
are show in Fig. 16 and Fig. 17, respectively. Additional scans of infill #1 

3D printed specimen at 3 days of curing are also included in Fig. 17 to 
determine if any new carbonate peaks appear. The exteriors of cast and 
closed 3D printed specimens at 3 and 28 days show successful carbon
ation of brucite into nesquehonite with some uncarbonated brucite 
whereas the cores are composed of predominantly uncarbonated bru
cite. Unhydrated MgO were detected in both the exteriors and centers of 
3D printed specimens similar to the results acquired for 1.1 w/b speci
mens. However, greater MgO relative peak intensity is observed at 0.9 
w/b compared to 1.1 w/b specimens indicating the likelihood of greater 
quantity of unhydrated MgO. Such is expectedly caused by the reduced 
water content due to lower w/b ratio and greater water evaporation in 
the first 24 h as reported in Fig. 11. Additionally, some differences in 
water retention can be attributed to the different dosages of NC and MC 

Fig. 14. Comparing the XRD spectra of surfaces of 1.1 w/b ratio cast specimens after 3 and 28 days of curing in air and CO2 (B – Brucite, N – Nesquehonite, C – 
Calcite, M – MgO). 

Fig. 15. The XRD spectra of 3D printed infill #3 specimen 1.1 w/b at 3 and 28 days of carbon curing (B – Brucite, N – Nesquehonite, C – Calcite, M – MgO).  

A. Douba et al.                                                                                                                                                                                                                                  



Construction and Building Materials 328 (2022) 126867

13

used at each w/b ratio. However, the relationship between these two 
additives and water loss/retention remains outside the scope of this 
work but are topics of future research. Nevertheless, despite the pres
ence of the significantly weak uncarbonated MgO, closed 3D printed 
specimens maintained much higher compressive strength than its cast 
counterparts indicating greater degree of carbonation. Higher surface 
exposure of the center in infill #1 did not reflect significant changes in 
peak intensities or reveal any new peaks, indicating that the observed 
increase in compressive strength of open infills #1 and #2 compared to 
cast ones is likely not due to increased surface exposure. 

4.3. TGA 

To further examine the degree of carbonation, TGA measurements of 
cast and infill #3 specimens after 28 days of carbonation were collected 
from the centers of tested specimens at 1.1 and 0.9 w/b ratios and the 
results are presented in Fig. 18. Hydrated magnesium carbonates begin 
to dehydrate at 50◦C and continue until 300◦C [77,78] at which infill #3 
specimens lose 12 % and 14.7 % of their mass at 1.1 and 0.9 w//b ratios, 
respectively, whereas cast specimens lose 4.7 % and 2.3 %. This in
dicates the presence of greater amounts of hydrated magnesium car
bonate in the printed specimens compared to their cast counterparts. 
This is further supported by the prevalent and larger peaks at 530◦C for 

Fig. 16. The XRD spectra of cast specimen at 0.9 w/b after 3 and 28 days of carbon curing (B – Brucite, N – Nesquehonite, C – Calcite, M – MgO).  

Fig. 17. The XRD spectra of 3D printed infill #3 specimen at 0.9 w/b after 3 and 28 days of carbon curing in comparison to the center of infill #1 after 3 days of 
curing (B – Brucite, N – Nesquehonite, C – Calcite, M – MgO). 
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printed specimens compared to cast ones, which in addition to the 
previous peak correspond to the thermal decomposition of magnesium 
carbonates [79–81], more specifically nesquehonite, as previously 
indicated by XRD results and in agreement with findings of Ma et al 
[82]. In fact, infill #3 led to 7.3 % and 12.4 % greater mass loss by 550◦C 
compared to their cast counterparts at 1.1 and 0.9 w/b ratios, respec
tively. The TGA results indicate greater carbon intake, specifically at the 
interior, of printed specimens. Hence, it is likely that 3D printing effects 
such as interfilamentous and interlayer gaps could be improving carbon 
penetration, leading to thicker carbonated shells and higher load 
bearing capacity. 

5. Conclusion 

The aim of the study was to examine whether enabling 3D printing 
using admixtures such as NC and MC can improve carbonation of MgO 
paste leading to positive impact on compressive strength. The effects of 
adding MC and NC on the rheology of MgO paste at 1.1 and 0.9 w/b 
ratios were examined first. The dosage of NC and MC was then selected 
at each w/b ratio to maintain similar static yield stress and, as a result, 
similar buildability. Cast and 3D printed cylinders were prepared with 
open-to-air and closed (solid) infill patterns at each w/b ratio, which 
were carbon-cured for 3 or 28 days. The mass change of all specimens 

was recorded for the first 24 h and for the curing duration. Finally, 
microstructural analysis was used to characterize magnesium carbon
ates at the shell and cores of tested specimens. The results support the 
following:  

• The addition of NC as a rheological modifier is very effective in 
increasing the static yield stress of MgO paste. However, MC was 
needed as an additional additive to improve the cohesion and pre
vent filament tearing and splitting.  

• Regardless of infill pattern, 3D printing is effective in increasing 
compressive strength of MgO paste, likely due to higher carbon 
intake, which can facilitate the production of elements with higher 
strength to weight ratio.  

• To maximize the strength to weight ratio of printed MgO cylinders 
the infill patterns should be selected with greater emphasis on effi
cient stress transfer rather than carbon delivery potential. 

• Higher water evaporation, often exacerbated by the lack of protec
tive casing, leads to increased porosity, which can lead to subsequent 
increase in mechanical strength due to improved carbon delivery and 
greater available volume for the formation of magnesium 
carbonates.  

• Increasing the w/b ratio of MgO paste yields higher 28 days 
compressive strength up to the studied 1.1 w/b ratio, likely due to 

Fig. 18. TGA results of cast and infill #3 procured from the centers of tested specimens after 28 days of carbonation curing at (a) 1.1 w/b and (b) 0.9 w/b. Upper 
curves are weight change percentage and lower curves are derivative of weight change w.r.t. temperature (B: Brucite, N: Nesquehonite). 
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the higher water loss potential and subsequent increase in porosity 
and carbon delivery.  

• Carbon-cured 3D printed MgO paste cylinders reach a compressive 
strength of 40–60 MPa based on infill pattern and w/b ratio, which is 
sufficient for structural applications 
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