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Abstract 15 

 16 

This paper investigated the influence of different CO2 concentrations on the microstructural 17 

and mechanical development of reactive MgO cement (RMC) concrete. Combination of 18 

various analyses revealed the enhancement of hydrated magnesium carbonate (HMC) phases 19 

with relatively superior micro-mechanical properties as the CO2 concentration increased from 20 

ambient (~0.04%) to accelerated (5-20%) levels. The higher CO2 diffusion within samples 21 

cured under 5-20% CO2 increased the compressive strength by ~5 times. While samples cured 22 

under 20% CO2 revealed high early strengths, the formation of a dense HMC layer on the 23 

sample exterior led to limitations on further CO2 diffusion. Use of 5% CO2 produced 24 

comparable strengths as 20% CO2 at 28 days, highlighting the potential of using lower 25 

concentrations. Samples cured under 10% CO2 revealed the best performance at 28 days, 26 

thereby defining this environment as the most favorable condition for the development of 27 

microstructural and mechanical properties of RMC concrete. 28 

 29 

 30 
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1 Introduction 32 

 33 

Reactive magnesium oxide (MgO) cement (RMC) can potentially represent a sustainable 34 

alternative to ordinary Portland cement (OPC) due to its ability to absorb CO2 while curing and 35 

potential to be recycled within a closed loop [1-4]. RMC is produced at significantly lower 36 

calcination temperatures than OPC (i.e. 700-900°C vs. 1450°C) [5]. Despite the higher CO2 37 

emissions associated with its production (i.e. 1.1 vs. 0.9 tonne/tonne of cement) [4], RMC can 38 

re-absorb some of the CO2 emitted during its production, reducing its total CO2 emissions and 39 

resulting in potentially more sustainable formulations, depending on the source of CO2 [6, 7]. 40 

Furthmore, the production of RMC from magnesium silicates such as forsterite (Mg2SiO4) and 41 

serpentine (Mg3Si2O5(OH)4) can present a route without any CO2 emissions [4, 8, 9]; while 42 

another attractive route for the extraction of RMC involves the use of reject brine obtained 43 

from desalination plants [10, 11]. 44 

 45 

The carbonation of Mg-phases is the primary process for strength development in RMC 46 

concrete. Carbonation is preceded by hydration, during which the dissolution of MgO is 47 

associated with an increase in the pH of the pore solution [12, 13], which promotes the 48 

absorption and dissolution of CO2 for the subsequent carbonation process [14, 15]. The 49 

dissolved CO2 reacts with Mg(OH)2(aq,s) to form hydrated magnesium carbonates (HMCs) 50 

during carbonation [16-18]. The formation of HMCs is associated with their expansive 51 

formation that reduces porosity and establishes an interconnected network to provide binding 52 

ability, thereby enabling strength gain within RMC samples [19-21]. The most common HMCs 53 

in carbonated RMC concrete are acicular artinite (Mg2CO3(OH)2·3H2O), rosette-like 54 

hydromagnesite (Mg5(CO3)4·(OH)2·4H2O) and needle-like nesquehonite (MgCO3·3H2O) [22-55 

25]. The performance of RMC concrete is determined by the composition, morphology, and 56 

content of HMCs, which depend on the hydration and carbonation processes [26, 27]. 57 

 58 

Several studies [20, 26, 28] have looked into improving the strength development and density 59 

of RMC samples by accelerating the hydration and carbonation reactions. Accordingly, the use 60 

of 0.1 M magnesium acetate as a hydration agent increased the 3-day hydration degree of MgO 61 

by a factor of 1.5 (49% vs. 75%), resulting in an increase in the compressive strength by a 62 

factor of 2.5 [26]. Alternatively, curing the samples under the accelerated carbonation (5-20% 63 

CO2) stimulated the formation of HMCs and enabled a rapid strength gain within RMC samples 64 

[19, 26]. When compared with those cured under ambient conditions, RMC samples cured 65 



under at 10% CO2
 revealed 28-day compressive strengths that were higher by a factor of 7 (4 66 

vs. 28 MPa) [26]. The combined use of magnesium acetate under accelerated carbonation 67 

conditions led to an increase in the 28-day strength by a factor of 14 when compared with the 68 

control RMC sample cured under ambient conditions (4 vs. 56 MPa) [26]. This increase in 69 

compressive strength was attributed to the increase in the content and improvements in the 70 

morphology of HMCs, which were facilitated by the enhancement in the hydration and 71 

carbonation processes [29, 30]. 72 

 73 

In addition to the use of accelerated carbonation conditions, the introduction of 0.5-1% 74 

hydromagnesite as a nucleation seed stimulated the formation of HMCs within RMC concrete 75 

and increased the 28-day compressive strength by 33% (48 vs. 64 MPa) [20]. Furthermore, the 76 

simultaneous inclusion of magnesium acetate and nucleation seeds increased the 28-day 77 

compressive strength by 46% (48 vs. 70 MPa) when compared with the control sample [20]. 78 

The extensive formation of HMCs, which provided a continuous binding network, improved 79 

the sample microstructure by filling the pore space and establishing a dense microstructure, 80 

which translated into higher strengths and lower water absorption within carbonated RMC 81 

concrete samples [26]. The strength development of these samples was rapid at early ages (i.e. 82 

< 7 days) under accelerated carbonation conditions, continued by a slower increase at longer 83 

durations [6, 20]. 84 

 85 

Although previous studies [1, 19, 26] have demonstrated the influence of accelerated 86 

carbonation on the strength development of RMC samples, the influence of CO2 concentration 87 

on the microstructural and mechanical properties of RMC concrete has not been fully revealed. 88 

While a few studies [19, 31] used CO2 concentrations varying from 5% to 20%, the low 89 

hydration degree of MgO and the short curing periods investigated did not enable the 90 

identification of the influence of CO2 concentration on the carbonation of RMC concrete 91 

samples. This is particularly important as the formation of HMCs initiates from the sample 92 

exterior towards the core, in line with the diffusion path of CO2 [22], which depends on the 93 

CO2 concentration. Therefore, understanding the role CO2 concentration plays on carbonation 94 

depth and the implications of the carbonation reaction on the pore structure and profile of 95 

reaction products at different depths is essential. In this respect, the formation and properties 96 

of various HMCs within RMC concrete, as well as the microstructural and mechanical 97 

development of these samples under different CO2 concentration have not been fully 98 

investigated. Therefore, further research is needed to improve the curing process for the 99 



effective microstructural and mechanical development of RMC concrete, thereby enabling the 100 

efficient use of RMC. 101 

 102 

With the goal of filling this gap, this paper presented a detailed study on  RMC concrete 103 

subjected to different curing conditions. New insights on the formation of HMCs under 104 

different CO2 concentrations were provided to reveal the microstructural and micromechanical 105 

properties of RMC samples. Concrete samples using magnesium acetate as a hydration agent 106 

were prepared and subjected to ambient (i.e. 0.04% CO2) and accelerated (i.e. 5, 10 and 20% 107 

CO2) carbonation conditions. Phase quantification was accomplished by XRD and TG-DTG 108 

analyses. The morphology of HMCs was observed via SEM. X-ray micro computed 109 

tomography (CT) was also applied to quantitatively analyze the influence of  CO2 concentration 110 

on the microstructural development of RMC samples in 3D. MIP and x-ray micro CT were 111 

utilized to evaluate the influence of different CO2 concentrations on the pore structure and 112 

carbonation depth of samples, which was also evaluated by phenolphthalein indicator. FTIR 113 

and confocal Raman microscopy were used to identify the phase transformations under 114 

different CO2 concentrations. Furthermore, nanoindentation was used to measure the elastic 115 

modulus of the carbonated RMC samples subjected to various CO2 concentrations. 116 

 117 

 118 

2 Materials and Methodology 119 

 120 

2.1 Materials 121 

 122 

RMC, produced at around 1000°C and supplied by Richard Baker Harrison (UK) was used in 123 

this study. The chemical composition and physical properties of RMC are shown in Table 1. 124 

Magnesium acetate ((CH3COO)2Mg), provided by VWR (Singapore), was used as a hydration 125 

agent at a concentration of 0.1 M (i.e. based on the findings of previous research [26]) to 126 

promote the hydration process. Aggregrates used in the preparation of concrete samples were 127 

gravel in saturated surface dry condition with a particle size of 4.7–9.5 mm. The contaminants 128 

within the coarse aggregates were removed by properly cleaning them in a water tank prior to 129 

mixing. 130 

 131 

 132 



2.2 Sample preparation and methodology 133 

 134 

Magnesium acetate was dissolved in water prior to mixing with the dry components. The 135 

prepared concrete mixtures involved a magnesium acetate solution to binder ratio of 0.65; 136 

whereas the magnesium acetate solution to coarse aggregate ratio was 0.34. The corresponding 137 

paste samples (i.e. with the same solution to binder ratio) were cast into cylindrical moulds (5 138 

mm in diameter and 13 mm in height). Cubic samples with dimensions of 20×20×20 mm were 139 

also prepared to study the influence of CO2 concentration via mercury intrusion porosimetry 140 

(MIP). 141 

 142 

In the preparation of concrete samples, fine aggregates were omitted to enable the extraction 143 

of the carbonated paste from the rest of the sample without any contamination and to increase 144 

the accuracy of phase quantifications. After mixing, 50×50×50 mm cubic concrete samples 145 

were cast, consolidated by a vibration table and levelled by a trowel. The cast samples were 146 

demoulded after 24 hours of casting and continuously cured under ambient (Amb) conditions 147 

(~0.04% CO2, ~80% relative humidity (RH) and ~30°C) or accelerated carbonation conditions 148 

in an environmental chamber (~80% RH and ~30°C), in which the CO2 concentration changed 149 

from 5% to 10% and 20% for samples C5, C10 and C20, respectively. All samples were cured 150 

under respective environments for 28 days, until further testing. The corresponding cubic paste 151 

samples were also placed under the same conditions for the analysis of their internal structure. 152 

The cylindrical paste samples were covered on all sides except for the top to ensure that 153 

carbonation took place in one direction only. 154 

 155 

The paste samples and segments, which had a diameter of 5-10 mm and a thickness of 1-2 mm, 156 

were extracted from the cubic concrete samples and stored in isopropanol for 7 days to stop 157 

hydration, and dried in vacuum prior to phase and microstrucutral analyses. These segments 158 

were further broken down to evaluate the presence of the pulverized coarse aggregates prior to 159 

grinding. The pulverized coarse aggregates were easily identified in these thin segments by the 160 

contrast in their colour (dark) with the colour of the MgO paste (white). Accordingly, the 161 

pulverized coarse aggregates were removed from the segments prior to further analysis. In 162 

preparation for FTIR, XRD and TG-DTG analyses, these segments were ground down to pass 163 

through a 75 μm sieve. 164 

 165 



While all samples were prepared at the same time and under the same conditions, the 166 

compressive strength, XRD and TG-DTG results of sample C20 were obtained from previous 167 

work [22] to enable its direct comparison with the other samples presented in this study. 168 

 169 

 170 

2.2.1 Compressive strength 171 

 172 

The compressive strength of the RMC concrete samples was measured in triplicates at 1, 3, 7, 173 

14 and 28 days, at a loading rate of 55 kN/min, by a Toni Technik Baustoffprüfsysteme 174 

machine. 175 

 176 

 177 

2.2.2 Phase identification and quantification 178 

 179 

The FTIR spectra of the samples were recorded using a FTIR spectrometer (Cary 670, Agilent) 180 

fitted with a diamond attenuated total reflectance (ATR) accessory. The powder samples were 181 

deposited directly on to the diamond lens of the spectrometer. The spectra were collected in 182 

transmission mode at a resolution of 1 cm-1. For each sample, 32 scans were recorded and 183 

averaged out in the range of 800-1900 cm-1, where the main vibration bands of HMCs were 184 

observed. 185 

 186 

Confocal Raman spectra were recorded for samples at 7 days using a confocal Raman 187 

microscope by Alpha300 RA from WITec GmbH (Ulm, Germany). Before testing, calibration 188 

was performed on a silicon wafer to ensure the alignment of the instrument. A scan over an 189 

area of 170×170 μm was conducted under a resolution of 170 points/line and a line spacing of 190 

1 μm. A high-resolution scan over Raman shifts of 50 cm-1 and 1250 cm-1 was achieved by 191 

tuning the detector to a graze of 1800 groves per millimeter. The obtained spectrum data were 192 

analyzed with Project 5.0 software from Witec. In addition to the average spectrum, component 193 

analysis was also performed to identify the distribution of carbonation products on the sample 194 

surfaces. 195 

 196 

The hydrate and carbonate phases were quantified via XRD and TG-DTG analyses. XRD 197 

patterns were recorded on a Philips PW 1800 spectrometer using Cu Kα radiation (40 kV, 30 198 



mA), at a step size of 0.017° 2θ, and a 2θ range of 5-70°. Rietveld analysis was performed on 199 

the XRD data by using the X’Pert HighScore Plus software for quantification purposes. 200 

 201 

TG-DTG was performed on a Perkin Elmer TGA 4000 instrument, operated at a heating rate 202 

of 10°C/min between 30°C and 950°C, under nitrogen flow. To quantify the amount of hydrate 203 

and carbonate phases, the areas corresponding to each decomposition step in DTG curves were 204 

deconvoluted. 205 

 206 

 207 

2.2.3 Microstructural analysis 208 

 209 

The vacuum dried samples were coated with gold before SEM analysis to observe the 210 

morphology of the carbonate phases within samples by using a Zeiss Evo 50 microscope. 211 

 212 

An X5000 CT scanner from North Star Imaging Inc. was used to obtain radiographs of samples. 213 

Molding clay and perforated foam were used to fix the sample onto the stage, whose distance 214 

from the x-ray source was set at approximately 90 mm. Scans were acquired at a working 215 

voltage of 120 kV and current of 300 μA. A delay time of 100 milliseconds was adopted and a 216 

total of 2500 projections with an average of 9 frames/projection were collected for 3D 217 

construction. This setup led to a resolution of approximately 10 μm. A geometry with a spacing 218 

of 0.762 mm was used for data calibration. The rendering and extraction of 2D slices were 219 

performed with proprietary software by X View CT (eFX-view), while the reconstruction of 220 

3D images and their analysis were done with Avizo 9.5, a visualization and computation 221 

software used for 3D data sets. 222 

 223 

The average porosity and pore size distribution of cubic paste samples were determined using 224 

AutoPore IV 9500 high-pressure MIP system (Micromeritics') with a pressure capacity of up 225 

to 60,000 psi. The obtained MIP data was refined using locally weighted scatterplot smoothing 226 

(Lowess) to evaluate the average pore size distribution of each sample. 227 

 228 

 229 

2.2.4 Carbonation depth 230 

 231 



The influence of different CO2 concentrations on 1- and 3-dimensional carbonation diffusion 232 

was studied on cylindrical paste and cubic concrete samples, respectively. The carbonation of 233 

cylindrical paste samples took place in only 1 direction as the sides of the samples were covered 234 

by the mould. The carbonation depth of the paste samples was measured via x-ray micro CT 235 

images, during which the results were recorded by taking the average depth of 5 samples. 236 

 237 

On the other hand, the depth of 3D carbonation observed within concrete samples was analyzed 238 

by measuring the depth of the colourless region using phenolphthalein indicator. To initiate the 239 

analysis, the cubic concrete samples were split and the freshly split surfaces were cleaned and 240 

sprayed with a 1% phenolphthalein solution [32]. The recorded results were the average of 241 

carbonation depths taken from 24 locations on 3 different samples. 242 

 243 

 244 

2.2.5 Nano-indentation  245 

 246 

Samples ranging in size from 5 mm to 10 mm were embedded in epoxy and polished 247 

sequentially to 0.05 μm with oil suspended diamond particles. The exposed surfaces were 248 

subjected to nanoindentation, which was performed with Keysight G-200 Nanoindenter under 249 

a diamond Berkovich tip. The loading was initiated when a stiffness of 200 N/m was detected 250 

on the surface. A target indentation depth of 350 nm was used to achieve an optimum 251 

interaction volume larger than the nanogranular globules [33] but smaller than the 252 

homogeneous isotropic region of a typical phase [34]. At this depth, the corresponding load 253 

was held for 10 s to minimize the effects of creep and thermal drift. As both the elastic and 254 

plastic deformation occur during loading in a typical indentation experiment, the early portion 255 

of the unloading curve was used to quantify the elastic modulus (Ep), which was estimated from 256 

Equation 1, where Er is the resultant or effective indentation modulus, υ is the Poisson’s ratio 257 

of the test material, and Ei and υi are the elastic modulus and Poisson’s ratio of the indenter (for 258 

a diamond tip, Ei = 1141 GPa and υi = 0.07 [35]), respectively. Poisson’s ratios of 0.18-0.27, 259 

0.20 and 0.25 were reported for MgO [36], Mg(OH)2 (MP-30247) and MgCO3 (MP-5348) [37], 260 

respectively. Considering the multi-phase hydration and carbonation products observed in 261 

carbonated RMC samples, a Poisson’s ratio of 0.24 [22] was applied in the stiffness calculation. 262 

It must be noted that the second power relationship shown in Equation 1 implies that a 263 

Poisson’s ratio ranging between 0.18-0.27 would have a small effect on the material indentation 264 

modulus. An 8×8 grid at a spacing of 50 μm was performed on each sample. 265 



 266 

1/Er = (1-υ2)/Ep + (1-υi
2)/Ei          (1) 267 

 268 

 269 

3 Results 270 

 271 

3.1 Compressive strength 272 

 273 

The compressive strength of RMC concrete samples under different CO2 concentrations is 274 

presented in Fig. 1. In line with the findings of previous studies [19, 26, 38], the use of elevated 275 

carbonation concentrations (5-20%) produced significantly higher compressive strengths than 276 

the ambient condition. While the compressive strength of samples cured under accelerated 277 

carbonation continuously increased with time, those kept under ambient conditions 278 

demonstrated a very slow strength development during the first few days, which reached a 279 

plateau after 7 days. As a majority of the strength gain was initially dependent on the hydration 280 

process at early stages, the 1-day compressive strengths of Amb, C5, C10 and C20 samples 281 

were relatively comparable. When compared to the 1-day values, the compressive strengths of 282 

carbonated samples increased by up to 8 times during the first 14 days, reaching 48-58 MPa at 283 

14 days. In contrast, Amb sample revealed a strength of only 11 MPa after 14 days of curing. 284 

These results indicated the importance of subjecting RMC concrete samples to accelerated 285 

carbonation conditions for a rapid strength gain. 286 

 287 

While the effect of different CO2 concentrations on the performance of concrete samples was 288 

not obvious initially, strength development was directly correlated with CO2 concentration 289 

from 3 days until 14 days of curing. The use of 10% CO2 concentration, as commonly applied 290 

in previous studies [26, 27] produced lower compressive strengths than those obtained under 291 

20% CO2 at 7 and 14 days, after which the difference between these two sets diminished over 292 

time, leading to the highest 28-day strength (63 MPa) achieved by samples cured under 10% 293 

CO2. On the other hand, at earlier stages (i.e. 7 days), the compressive strength of C20 sample 294 

was 23% (51 vs. 44 MPa) and 50% (51 vs. 34 MPa) higher than that of C10 and C5 samples, 295 

respectively. Accordingly, when compared with curing under 5% and 10% CO2, subjecting the 296 

samples to 20% CO2 could shorten the curing period by 50% as the 7-day compressive strength 297 

of C20 sample was similar to those of C5 and C10 samples at 14 days, respectively. The early 298 

high strengths of samples cured under 20% CO2 could be attributed to the increased diffusion 299 



of CO2 and thereby the higher carbonation degree within these samples. Although using a lower 300 

CO2 concentration of 5% revealed lower strengths initially, these samples caught up with the 301 

rest and presented similar 28-day strengths as those cured under 20% CO2 (58-60 MPa). These 302 

results highlighted that in circumstances where samples can be left to cure for longer durations, 303 

using lower CO2 concentrations (e.g. 5%) can also enable RMC samples to eventually 304 

demonstrate their strength gain potential. 305 

 306 

 307 

3.2 FTIR 308 

 309 

The FTIR spectra of the RMC-based concrete samples cured under varying CO2 concentrations 310 

for 7 and 28 days are shown in Fig. 2 (a) and (b), respectively. The broad peak at ~1420 cm-1 311 

observed in Amb sample, assigned to CO3
2- [39], indicated the small quantity of carbonates 312 

forming under ambient conditions, which did not change with curing duration. This stability in 313 

the presence of carbonate phases could explain the lack of improvement in the compressive 314 

strength of Amb sample, which remained significantly low (≤ 12 MPa) regardless of the curing 315 

duration.  However, as the CO2 concentration increased to 5% in C5 sample, the band referring 316 

to CO3
2- became sharper with multiple centers located at ~1423 cm-1 and ~1484 cm-1, 317 

corresponding to the antisymmetric stretching vibration of CO3
2- in the HMC phases [23, 25]. 318 

The intensity of this band in C5 sample at 28 days was nearly doubled when compared to the 319 

one observed at 7 days, representing the enhancement in the formation of carbonates. A similar 320 

trend was observed for C10 sample cured under 10% CO2, where the bands referring to the 321 

presence of carbonate phases became more prominent as the curing duration increased, in line 322 

with the increase in the strength of these samples. The shoulder observed at ~1517 cm-1 in C10 323 

sample at 28 days was exclusive to the antisymmetric stretching vibration of CO3
2- within 324 

nesquehonite [23, 25, 40]. As the CO2 concentration increased to 20% in C20 sample, the 1517 325 

cm-1 peak became more pronounced, which was especially clear at 28 days. When compared 326 

with other HMCs, the higher solubility product constant of nesquehonite (10×10-5.7 vs. 10×10-327 

38.3 of hydromagnesite and 10×10-19 of dypingite [6, 41-43]), as well as the higher 328 

CO2/Mg(OH)2 molar ratio required for its formation (Equations 2-4), could explain the 329 

increased formation of nesquehonite under high CO2 concentrations used during the curing of 330 

C20 sample. The effect of curing duration (i.e. 7 vs. 28 days) on the increased formation of this 331 

phase in C20 sample was in agreement with the strength results (51 vs. 60 MPa). 332 

 333 



2Mg(OH)2 + CO2 + 2H2O → MgCO3·Mg(OH)2·3H2O      (2) 334 

 335 

5Mg(OH)2 + 4CO2 → 4MgCO3·Mg(OH)2·4H2O       (3) 336 

 337 

Mg(OH)2 + CO2 + 2H2O → MgCO3·3H2O        (4) 338 

 339 

 340 

3.3 Confocal Raman microscopy 341 

 342 

Fig. 3 presents the Raman spectra obtained from the external surfaces of RMC samples cured 343 

under varying CO2 concentrations for 7 days. Raman spectra obtained from RRUFF database 344 

were consolidated for brucite (R040077), nesquehonite (R050639), hydromagnesite 345 

(R060011), dypingite (R070086) and artinite (R060166). The database revealed that the peaks 346 

at ~277 cm-1, 444 cm-1, 726 cm-1 and 1084 cm-1 were due to OH- vibration in Mg(OH)2. The 347 

peaks associated with CO3
2- vibration in carbonation products were in the vicinity of ~1100 348 

cm-1, which was slightly shifted to the right when compared with the prominent vibration peak 349 

of OH- in brucite (1084 cm-1). These Raman spectra obtained from the database were consistent 350 

with the expected appearance of nesquehonite at 1098 cm-1 [44], hydromagnesite at 1121 cm-1 351 

[45] and artinite at 1092 cm-1 [46]. Due to the overlap between the spectra of artinite and 352 

nesquehonite, the “artinite/nesquehonite” convention was used to refer to these phases 353 

throughout the text. The Amb sample showed peaks at 279 cm-1, 444 cm-1 and 1084 cm-1, which 354 

were associated with OH- vibration in brucite, resulting from the hydration of RMC. The 355 

presence of both artinite/nesquehonite and hydromagnesite were apparent in C5 sample at 1097 356 

cm-1 and 1119 cm-1, respectively. The coexistence of these carbonate phases under 5% CO2 357 

changed into the domination of hydromagnesite on the sample surfaces as the CO2 358 

concentration increased to 10% and 20%. Notably, the spectrum corresponding to OH- 359 

vibration in brucite disappeared in both C10 and C20 samples as a result of the complete 360 

carbonation in exterior regions when these samples were exposed to a minimum CO2 361 

concentration of 10% CO2. 362 

 363 

The distribution of brucite, artinite/nesquehonite and hydromagnesite over the sample surfaces 364 

was also analyzed by applying a filter with a width of 10 cm-1 over  the area scan spectrums at 365 

1086 cm-1, 1100 cm-1 and 1118 cm-1, respectively. The analysis was performed on C5 and C20 366 

samples after 7 days of carbonation, whose results are depicted in Fig. 4. The accelerated 367 



carbonation conditions these samples were subjected to resulted in small traces of brucite on 368 

the sample surfaces. As reflected by the normalized color intensity of brucite, increasing the 369 

CO2 concentration did not significantly influence the carbonation of the exterior regions of the 370 

samples. A difference in phase distribution was also revealed through the mapping. While C5 371 

sample showed the coexistence of artinite/nesquehonite and hydromagnesite, C20 sample 372 

demonstrated the domination of hydromagnesite. 373 

 374 

 375 

3.4 XRD 376 

 377 

Fig. 5 presents the XRD patterns of 7-day RMC concrete samples cured under different CO2 378 

concentrations. The internal standard, fluorite (CaF2), was observed at 28.2° 2θ. The main 379 

peaks of uncarbonated brucite (Mg(OH)2) and unhydrated periclase (MgO) were observed at 380 

38.1° and 42.9° 2θ, respectively. Nesquehonite (MgCO3·3H2O), hydromagnesite 381 

(Mg5(CO3)4·(OH)2·4H2O) and artinite (Mg2CO3(OH)2·3H2O) were the main carbonation 382 

products observed in the XRD patterns. The main peaks of artinite, hydromagnesite and 383 

nesquehonite were observed at 13.7°, 15.2° and 32.8° 2θ, respectively. A comparison of the 384 

uncarbonated brucite content with respect to the intensity of the internal standard revealed 385 

lower intensities of brucite within the samples kept under accelerated carbonation conditions 386 

than those observed in Amb sample. 387 

 388 

The influence of CO2 concentration on the composition of RMC concrete samples carbonated 389 

for 7 days is shown in Table 2. In line with the FTIR results, the use of accelerated carbonation 390 

enhanced the conversion of brucite to various HMC phases. Artinite and nesquehonite were 391 

the main carbonate phases observed within the samples kept under accelerated carbonation for 392 

7 days. An increase in the CO2 concentration to 20% stimulated the formation of all HMCs (i.e. 393 

artinite, hydromagnesite and nesquehonite), resulting in the highest HMCs content in C20 394 

sample, which could explain the corresponding increase in the strength of these samples. 395 

However, the use of higher CO2 concentrations also resulted in a lower conversion of MgO to 396 

brucite, evident by the higher periclase contents of C10 and C20 samples (27.4% and 34.9%) 397 

in comparison to C5 and Amb samples (19.7% and 16.8%). This could be partially attributed 398 

to the increased formation of HMCs within C10 and C20 samples under high CO2 399 

concentrations, thereby covering the surfaces of unhydrated MgO grains and preventing their 400 

further contact with water for further hydration. 401 



 402 

 403 

3.5 TGA 404 

 405 

The TG-DTG results of RMC concrete samples cured under different CO2 concentrations for 406 

7 and 28 days are shown in Fig. 6 and 7, respectively. C5, C10 and C20 samples showed 407 

significantly higher total mass loss values than Amb sample, which was attributed to the higher 408 

decomposition, and hence the higher contents of HMCs within the carbonated samples. This 409 

increase in the mass loss of these samples confirmed the role of CO2 concentration in providing 410 

higher carbonation degrees and thereby improved strengths when compared to Amb sample, 411 

which was cured under ambient conditions for the same duration. The endothermic peak at 412 

~100°C corresponded to the dehydration of water bonded to HMCs [8, 47]. The strong 413 

endothermic peak at ~350-380°C was responsible for the decomposition of uncarbonated 414 

brucite, the dehydroxylation (e.g. artinite and hydromagnesite) and decarbonation (e.g. 415 

nesquehonite) of HMCs [8, 47]. Additionally, endothermic peaks at ~520°C and 600°C were 416 

associated with the decarbonation of HMCs [48-50]. 417 

 418 

The mass loss corresponding to the dehydration, dehydroxylation and decarbonantion steps, 419 

obtained by calculating the area of the deconvoluted DTG curves, along with the total mass 420 

loss of each sample, are presented in Table 3. The majority of the mass loss observed in each 421 

sample corresponded to the dehydroxylation of brucite and HMCs. After 7 days of curing, the 422 

mass loss corresponding to decarbonation within samples subjected to accelerated carbonation 423 

were 52-85% higher than that of Amb sample (3.3% vs. 5.0-6.1%). The use of increased CO2 424 

concentrations in C5, C10 and C20 samples also led to an increase in the mass loss due to 425 

dehydration by 3.3-4.6 times when compared to Amb sample (2 vs. 6.5-9.1%). Increasing the 426 

curing duration from 7 to 28 days also led to an increase in the mass loss at all stages, thereby 427 

translating into higher mass losses within all samples at 28 days. This increase in  the mass loss 428 

values indicated the continuation of the hydration and carbonation reactions over time. Despite 429 

their lower carbonation rate at 7 days, C10 sample subjected to 10% CO2 revealed a higher 430 

carbonation degree than C20 sample cured under 20% CO2
 at 28 days, which was reflected by 431 

its slightly higher mass loss due to decarbonation (6.8% vs. 6.6%). Furthermore, sample C10 432 

demonstrated a higher mass loss associated with dehydroxylation than sample C20 (24.2% vs. 433 

22.7%). This increase in the mass loss of C10 sample after 28 days can explain its higher 434 

corresponding compressive strength than C20 sample (63 vs. 60 MPa). Alternatively, despite 435 



its highest total mass loss, C5 sample revealed a lower mass loss due to decarbonation (6.2%) 436 

than C10 and C20 samples (6.8% and 6.6%), which could explain its slightly lower 28-day 437 

performance (58 MPa). 438 

 439 

 440 

3.6 Microstructure 441 

 442 

Fig. 8 reveals the microstructures of RMC samples subjected to different CO2 concentrations 443 

for 7 days. When compared to the microstructure of Amb sample that was cured under ambient 444 

conditions (Fig. 8(a)), samples cured under accelerated carbonation conditions (Fig. 8(b)-(d)) 445 

revealed an extensive formation of various HMC phases with different morphologies. Needle-446 

like artinite/nesquehonite and disk-like hydromagnesite were widely spread in C5, C10 and 447 

C20 samples. Alternatively, very few carbonate crystals with a diameter of ~0.1 μm were 448 

spotted among the generally uncarbonated paste of the Amb sample (Fig. 8(a)). Increasing the 449 

CO2 concentration to 5% stimulated the formation of disk-like carbonates with a diameter of 450 

up to ~1 μm in C5 sample (Fig. 8(b)). Sample C10 cured under 10% CO2 was composed of a 451 

mix of various carbonate crystals with different morphologies. Disk-like carbonates with a 452 

diameter of up to ~3 μm growing on the surface of needle-like carbonates with a diameter of 453 

~1 μm was observed in C10 sample (Fig. 8(c)). When compared with C5 sample, C10 sample 454 

revealed the formation of bigger carbonate crystals, that were clustered into large agglomerates 455 

(i.e. ~6 vs. 10 μm in diameter). Moreover, these clusters were composed of crystals that seemed 456 

to bond well and form a connecting network in C10 sample, which differed from the segregated 457 

formation of carbonate particles observed in C5 sample. Increasing the CO2 concentration to 458 

20% in C20 sample (Fig. 8(d)) led to the widespread formation of thick carbonate needles (up 459 

to ~2 μm in diameter and >25 μm in length) that could be attributed to nesquehonite and artinite, 460 

whose surface were sparsely covered with clusters of disk-like hydromagnesite (up to ~3 μm 461 

in diameter). Differing from C5 and C10, C20 sample revealed a dense layer of needle-like 462 

carbonate crystals that merged into each other, thereby forming an impermeable structure, 463 

which could have contributed to the improved performance of C20 sample at 7 days. 464 

 465 

 466 

3.7 Pore structure 467 

 468 



Vertical cross sections obtained from x-ray micro CT reconstruction of RMC paste samples 469 

cured under different CO2 concentrations are shown in Fig. 9. The appearance of air bubbles 470 

could be associated with the lack of proper consolidation during the casting of the paste, which 471 

was relatively challenging due to the small mould size used. The variation in the greyscale 472 

intensity along the sections was attributed to the change in mass density as a result of 473 

carbonation. Accordingly, the brightest tone observed at the top of the samples corresponded 474 

to the dense structure of HMCs. The higher mass density of HMCs resulted in increased X-ray 475 

attenuation and a lighter greyscale under tomographic reconstruction. Furthermore, the lighter 476 

grey tone observed in regions along the sample surface was attributed to the presence of HMCs, 477 

which was enabled by the diffusion of CO2 and moisture through the sides of the sample via 478 

the formation of a gap between the sample and the wall of the plastic mould. The transverse 479 

cracks observed in carbonated samples could be attributed to the tensile stress induced by the 480 

expansion of HMCs throughout different regions that were restrained by uncarbonated 481 

sections. This difference in phase formations resulted in phase incompatibility, thereby causing 482 

a restraint upon re-exposure to ambient environment and subsequent drying. 483 

 484 

Computations were made on Avizo to comparatively evaluate the porosity of the samples 485 

within the top and middle regions of interest (ROIs). Due to the limitation on the voxel 486 

resolution achievable with the equipment, only pores in the size range of 10-100 μm (4.2 ×103- 487 

4.2 ×106 μm3 equivalent spherical volume) corresponding to entrapped air voids [51] were 488 

analyzed. Also, to eliminate the effect of carbonation within the wall region, the ROIs were 489 

limited to the interior 2×2×1.5 mm volume. The greyscale of all images was first partitioned 490 

and Porosities Wizard module of the Avizo software was implemented with thresholds 491 

consistently assigned to voids and materials. Results of the cumulative pore volume relative to 492 

sample volume versus pore size (expressed in equivalent volume) are presented in Fig. 10 for 493 

C10 and C20 samples. The top regions of both C10 and C20 samples exhibited lower porosities 494 

when compared to their corresponding middle regions due to the higher carbonation degrees 495 

observed in the former. The top region of C10 sample revealed a higher porosity than that of 496 

C20 sample, which was consistent with the increased formation of HMCs in C20 sample, as 497 

reported earlier in Sections 3.4 and 3.5. The dense exterior of C20 sample played a dominant 498 

role in the superior mechanical performance of this sample at 7 days. A reduction in the 499 

porosity of C10 sample when compared to C20 sample was observed in the middle region, 500 

which could be due to the enhanced carbonation of the former. The more porous outer section 501 

of C10 may have facilitated the continuous diffusion of CO2 throughout the sample, thereby 502 



slightly enhancing the carbonation of the interior region. 3D visualization of the pores  in  C10 503 

and C20 samples shown in Fig. 11 revealed the presence of cracks within the top regions as 504 

depicted by extended void volumes, which were not included in the calculation of the 505 

cumulative void volume. 506 

 507 

The MIP results revealed the average porosity and pore size distribution of RMC paste samples 508 

cured under different CO2 concentrations for 7 days, as shown in Fig. 12. Amb sample cured 509 

under ambient conditions led to the highest average porosity (37%), with a pore size 510 

distribution peak centred at ~0.3 μm. Although the use of accelerated carbonation curing at a 511 

CO2 concentration of 5% did not have a significant influence over the pore size distribution, 512 

the average porosity of C5 sample dropped by nearly 15% when compared with the Amb 513 

sample. This reduction in porosity was attributed to the densification of C5 sample due to the 514 

formation of HMCs, as reported earlier. When the samples were subjected to 10% CO2, the 515 

average porosity dropped marginally, while a remarkable change was observed in the pore size 516 

distribution, which became bimodal due to the emergence of a broad distribution peak centred 517 

at ~0.02 μm. This reflected a major microstructural change accompanied with an accelerated 518 

formation of carbonation products over the sample volume, leading to a significant drop in the 519 

average pore size. Similarly, when the samples were subjected to 20% CO2, a marginal shift in 520 

the broad distribution peak to ~0.01 μm was observed. The remaining peak centred at 0.3 μm 521 

with a higher intensity in C20 sample revealed the inhibition of further CO2 diffusion towards 522 

the inner sample, leading to the formation of HMCs on the sample surfaces. Curing under 20% 523 

CO2 resulted in the lowest porosity in C20 sample (18%), consistant with the significant 524 

formation of dense HMC phases such as artinite, nesquehonite and hydromagnesite, as 525 

observed in XRD and SEM analyses. The lower overall porosity as well as the shift in the pore 526 

size distribution revealed by C20 sample relate well with the compressive strength results. 527 

Accordingly, an increase in strength from 11 MPa to 51 MPa was observed with an increase in 528 

the CO2 concentration from ~0.04% to 20% after 7 days of curing, confirming the direct 529 

relationship between the densification of the pore structure and mechanical performance. 530 

 531 

 532 

3.8 Carbonation depth 533 

 534 

The one dimensional carbonation depth of the carbonated samples at 7 days was measured at 535 

five locations spaced at 1 mm intervals, starting at ~0.5 mm from the sample surface. The 536 



average carbonation depth results, along with the corresponding standard deviation values, are 537 

presented in Fig. 13. The carbonation depths of C5, C10 and C20 samples at 7 days were 538 

recorded as 0.7 mm, 1.9 mm and 1.2 mm, respectively. 539 

 540 

The 3 dimensional carbonation diffusion of concrete samples was also monitored via the 541 

change in pH of their pore solution. Phenolphthalein, which turns colorless when the pH of the 542 

pore solution is below 9 [52], was used as the pH indicator to assess the carbonation depth. 543 

Accordingly, Fig. 14 presents the progress of the carbonation depth in RMC samples during 28 544 

days of curing, as measured by the depth of the colorless region. It should be noted that the 545 

measurement of carbonation depth in RMC samples would be more sensitive than that of PC 546 

samples due to the lower pH of the pore solution of the former (~10.5 vs. ~12.5 [6, 52]). The 547 

obtained results clearly indicated the influence of CO2 concentration on the carbonation depth 548 

during the initial stages of curing. Consequently, higher CO2 concentrations stimulated the 549 

diffusion of CO2 and resulted in the highest carbonation depth in C20 sample on the first day 550 

(11 mm vs. 0.5-8.8 mm). This higher carbonation depth translated into the densification of the 551 

exterior layers, which partially inhibited the further diffusion of CO2 at greater depths within 552 

C20 sample. Therefore, C20 sample revealed a lower carbonation depth than C10 sample after 553 

3 days (18 mm vs. 17 mm). While the carbonation depth of C20 sample plateaued after 7 days 554 

at 18 mm, that of C10 sample reached 21 mm after 28 days of carbonation. This trend was in 555 

line with the strength results (Fig. 1), where C10 sample surpassed others at 28 days. Although 556 

C5 sample revealed a fast development in terms of its carbonation depth during the first 7 days 557 

of curing (from 3 mm to 16 mm), this was followed by a relatively stable level of carbonation 558 

afterwards. C5 sample demonstrated the lowest carbonation depth amongst all carbonated 559 

samples at 28 days (15.6 mm vs. 18-20.7 mm), which agreed with its relatively lower strength 560 

than those of C10 and C20 samples at 28 days. On the other hand, a consistent increase in the 561 

carbonation depth of Amb sample was observed, albeit low. The porous structure of this sample 562 

that was cured under ambient conditions enabled the continuous diffusion of CO2, reaching 9 563 

mm at 28 days. 564 

 565 

 566 

3.9 Nano-indentation 567 

 568 

Relative frequency plots for indentation modulus values of all the samples cured under different 569 

CO2 concentrations for 7 days are given in Fig. 15. In comparison to the ambient curing 570 



condition, the 20% CO2 environment greatly enhanced the micro-mechanical properties of the 571 

composite, as reflected by a notable reduction of low-modulus phase in C5, C10 and C20 572 

samples (Fig. 15(b), (c) and (d)). The small existence of high modulus phases in the Amb 573 

sample could be attributed to the sporadic presence of artinite or accumulated hydromagnesite, 574 

as observed by SEM analysis. Contrary to the compressive strength results at 7 days, increasing 575 

the CO2 concentration did not lead to a proportionate increase in the relative frequency of high 576 

modulus phases. C5 and C20 samples showed similar distributions of the indentation elastic 577 

modulus data. The average modulus for HMCs of C5 and C20 samples, estimated by 578 

implementing deconvolution with Gaussian fits, was in the range of 17.5-18.2 GPa; whereas 579 

the average modulus of HMCs in C10 sample increased to 22.3 GPa. The results confirmed 580 

that, in addition to an enhanced carbonation depth, as visually observed from x-ray micro CT 581 

images and pH indicator results, curing the samples under 10% CO2 induced the formation of 582 

carbonate phases with relatively superior micro-mechanical properties. 583 

 584 

Fig. 16 shows the relative frequency plots of indentation modulus results of C10 and C20 585 

samples after 28 days of carbonation. Both samples exhibited an improvement in their relative 586 

frequency for high modulus phases at 28 days when compared to 7 days. This increase could 587 

be due to the  formation of additional HMCs as carbonation proceeded over time, leading to 588 

the enhancement of the micro-mechanical property and the corresponding upward trend in the 589 

compressive strength results. While C20 sample was characterized by carbonation phases with 590 

an average indentation modulus of 17.5 GPa, a more dispersed distribution was observed for 591 

C10 sample at 28 days, with two major carbonation phases at 7.8 GPa and 22.3 GPa. The 592 

formation of the higher modulus phase, coupled with the progression of the carbonation front, 593 

contributed to the superior mechanical performance of C10 sample at 28 days. 594 

 595 

 596 

4 Discussion 597 

 598 

The formation of HMCs is associated with the provision of binding properties and volumetric 599 

expansion that enables the densification of microstructure, as demonstrated by SEM and x-ray 600 

micro CT images, thereby facilitating strength gain in RMC concrete. This study aimed to 601 

determine the optimum curing conditions for the formation of HMCs. Since the favorable RH 602 

for the formation of HMCs was determined as ~80% [31], the concentration of CO2 was varied 603 

from 0.04% to 20% to determine its effect on the conversion of RMC to HMCs. Lower CO2 604 



concentrations present in the ambient conditions led to a limited conversion of brucite into 605 

HMCs. The use of elevated CO2 concentrations (5-20%) significantly accelerated the 606 

carbonation of brucite to increase the content of HMCs with improved morphologies, resulting 607 

in noticeable strength gain. Accordingly, the improved performance of RMC concrete samples 608 

under higher CO2 concentrations was accompanied with the formation of HMC crystals with 609 

larger sizes for the first 7 days of curing. In line with the trend observed in compressive strength 610 

results, the TGA and carbonation depth measurements indicated a slower rate of HMC 611 

formation after 7 days of curing, which agreed with the findings of previous studies [41]. 612 

 613 

When the effect of different CO2 concentrations on the progress of carbonation was 614 

investigated, an increase in the carbonation depth with an increase in the CO2 concentration 615 

from 5% to 10% was observed, in line with the higher carbonation degree of the latter under 616 

higher concentrations of CO2. Alternatively, the reduction in carbonation depth observed in 617 

C20 sample cured under 20% CO2 could be due to the accelerated formation of HMCs within 618 

the exterior regions of the sample, resulting in the densification of the microstructure and the 619 

inhibition of further CO2 diffusion. Furthermore, the rapid formation of HMCs around 620 

unhydrated MgO grains prevented any further contact of these particles with water, thereby 621 

limiting the progress of hydration and carbonation within C20 sample. This was also revealed 622 

by the higher content of unhydrated MgO in C20 sample than in C10 sample. These findings 623 

could be an indication for the favorable condition provided via the combination of ~80% RH 624 

and 10% CO2 for continuous CO2 diffusion, thereby presenting an advantage for the increased 625 

formation of HMCs. This favourable condition was postulated to contribute to the further 626 

carbonation of the exterior regions and progression of the carbonation front, which ultimately 627 

led to improved mechanical performance at longer durations when compared to other samples 628 

subjected to lower or higher CO2 concentrations. This finding was also supported by the higher 629 

28-day strength of sample C10 than others (63 MPa vs. 60MPa), as shown in Fig. 1. 630 

 631 

In addition to the improvement in the mechanical performance, the densification of sample 632 

microstructures associated with the formation of insoluble HMCs, as demonstrated by MIP 633 

results, could present an advantage in terms of long-term durability by inhibiting the ingress of 634 

aggressive chemicals in RMC concrete. While HMCs are known to be stable at pH values of > 635 

7 [41, 53], the evaluation of their transformation into different forms under high temperatures 636 

also revealed their stability under varying conditions [41, 54]. Alternatively, the relatively 637 

limited formation of HMCs and the high residual periclase and brucite contents within all 638 



samples (i.e. especially those of C10 and C20) were an indication of the potential of these 639 

samples to gain much higher strengths than those reported in Section 3.1 (Fig. 1) via the 640 

increased conversion of RMC into carbonate phases. This could be achieved via the integration 641 

of other practical methods to improve the hydration/carbonation of RMC and brucite. 642 

Accordingly, the introduction of synthesized HMCs into RMC blends, along with the use of a 643 

hydration agent, could further enhance the hydration of RMC [8, 55]; while the use of 644 

nucleation seeding or carbonation agents could further accelerate the conversion of brucite into 645 

HMCs [6, 29]. 646 

 647 

 648 

5 Conclusions 649 

 650 

This study investigated the microstructural and micromechanical development of RMC 651 

concrete under different CO2 concentrations. The content, morphology and distribution of 652 

various carbonate phases within the sample microstructure were evaluated. Use of ambient 653 

concentrations of CO2 (0.04%) limited the formation of HMCs within RMC concrete samples 654 

and resulted in low compressive strengths (12 MPa at 28 days). Alternatively, elevated CO2 655 

concentrations ranging from 5% to 20% led to an improved CO2 diffusion and accelerated the 656 

carbonation reaction. This enhancement of the reaction mechanism was accompanied with an 657 

increase in the content of HMCs with improved morphologies, which translated into higher 658 

compressive strengths (58-63 MPa at 28 days). 659 

 660 

The effectiveness of accelerated carbonation was revealed by the performance of samples cured 661 

under 20% CO2, whose compressive strength at 7 days was equivalent to those of samples 662 

cured under 5% or 10% CO2 at 14 days. In addition to the increased formation of HMCs, the 663 

establishment of a well-connected carbonate network enabled the samples cured under 20% 664 

CO2 to outperform others at early ages. The dense carbonate layer that formed on the exterior 665 

sections of the samples influenced the rate of further CO2 diffusion and consequently, the 666 

overall microstructural and mechanical performance. Despite their high strengths obtained at 667 

early ages, samples cured under 20% CO2 demonstrated a slower strength development due to 668 

the dense surface layer that formed during the initial stages of carbonation, resulting in a porous 669 

inner structure and lower modulus of HMCs when compared with those cured under 10% CO2. 670 

Alternatively, the continuous diffusion of CO2 in samples cured under 5% or 10% CO2 enabled 671 

the higher utilization of RMC as a binder (i.e. smaller amounts of unreacted MgO remained in 672 



the matrix), resulting in very similar 28-day strengths as those of samples cured under 20% 673 

CO2 (58-63 MPa). 674 

 675 

Combination of MIP, carbonation depth, x-ray micro CT and nano-indentation results revealed 676 

that curing RMC samples under 5-20% CO2 induced the formation of carbonate phases with 677 

relatively superior micro-mechanical properties. However, the outcome of most analyses 678 

highlighted the comparable, if not superior, performance of samples cured under 10% CO2 than 679 

others investigated in this study, thereby defining this environment as the most favorable 680 

condition for the mechanical and microstructural development of RMC concrete samples. On 681 

the whole, the results emerging from this study demonstrated that the determination of 682 

optimum CO2 concentration is dependent on the overall goal. While higher concentrations 683 

(20%) are beneficial for rapid early strength gain, lower concentrations (5%) can also deliver 684 

the same performance if given sufficient time. Nevertheless, the high contents of unreacted (i.e. 685 

via hydration and carbonation) binder revealed in this study clearly indicate the great potential 686 

of RMC in providing even better performance than those reported. 687 

 688 
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Table 1 Chemical composition and physical properties of RMC. 

 

 

 Chemical composition (%) Physical properties 

 MgO SiO2 CaO R2O3 K2O Na2O LOI 
Specific gravity 

(g/cm3) 

Specific 

surface area 

(m2/g) 

RMC >91.5 2.0 1.6 1.0 - - 4.0 3.0 16.3 



Table 2 Content of different phases within RMC samples cured under different CO2 

concentrations for 7 days. 

 

 

 Content (wt.%) 

 Amb C5 C10 C20 [22] 

Periclase 16.8 19.7 27.4 34.9 

Brucite 77.3 69.0 61.5 51.5 

Artinite 4.4 5.1 6.9 5.3 

Hydromagnesite 0.5 1.9 0.1 4.2 

Nesquehonite 1.0 4.2 4.1 4.1 



Table 3 Mass loss of all RMC samples cured under different CO2 concentrations for 7 and 28 

days, measured by TG-DTG. 

 

 

Samples Mass loss (wt.%) 

Dehydration Dehydroxylation Decarbonation Total 

 

 

7 days 

Amb 2.0 21.3 3.3 26.6 

C5 6.5 23.4 5.0 34.9 

C10 7.7 22.1 5.6 35.5 

C20 [22] 9.1 21.9 6.1 37.1 

 

 

28 days 

Amb 2.6 22.1 4.9 29.6 

C5 11.4 25.5 6.2 43.1 

C10 9.1 24.2 6.8 40.1 

C20 [22] 9.5 22.7 6.6 38.7 
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Fig. 1 Compressive strength of RMC concrete subjected to different CO2 concentrations



 

 

 

 

Fig. 2 FTIR spectra of RMC samples cured under different CO2 concentrations for (a) 7 and 

(b) 28 days



 

 

Fig. 3 Raman spectra of RMC samples cured under different CO2 concentrations for 7 days
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Fig. 4 Phase distributions within C5 and C20 samples after 7 days of carbonation



 

 

Fig. 5 XRD patterns of RMC samples cured under different CO2 concentrations for 7 days



 

 

 

 

Fig. 6 TGA results of RMC samples cured under different CO2 concentrations for 7 days: (a) 

TG and (b) DTG



 

 

 

 

Fig. 7 TGA results of RMC samples cured under different CO2 concentrations for 28 days: 

(a) TG and (b) DTG
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Fig. 8 SEM images of (a) Amb, (b) C5, (c) C10 and (d) C20 samples after 7 days of curing
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Fig. 9 Vertical cross sections from x-ray micro CT reconstruction of (a) Amb, (b) C5, (c) C10 

and (d) C20 samples after 7 days of curing



 

 

Fig. 10 Cumulative pore volumes within the top and middle regions of C10 and C20 samples 

after 7 days of carbonation
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Fig. 11 3D representation of the pore distribution within top and middle ROIs of (a) C10 and 

(b) C20 samples after 7 days of carbonation



 

 

Fig. 12 Average porosity and pore size distribution of RMC samples cured under different 

CO2 concentrations for 7 days



 

 

Fig. 13 1-D carbonation depth of RMC pastes cured under different CO2 concentrations for 7 

days



 

 

Fig. 14 Carbonation depth of RMC samples cured under different CO2 concentrations



  

  

 

Fig. 15 Nano-indentation results for (a) Amb, (b) C5, (c) C10 and (d) C20 samples after 7 

days of curing
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Fig. 16 Nano-indentation results for (a) C10 and (b) C20 samples after 28 days of curing 
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