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Abstract 15 

 16 

This study investigated the mechanical and microstructural changes in reactive MgO cement-17 

based concrete cured under ambient and accelerated carbonation conditions, followed by 18 

exposure to high temperatures. The compressive strength of ambient-cured samples increased 19 

from 10 to 30 MPa when subjected to up to 200 oC, which was achieved via increased hydration 20 

of the remaining MgO. The accelerated formation of brucite at 50 oC enhanced the compressive 21 

strength of carbonated samples (58 vs. 65 MPa). A relatively stable performance (~56 MPa) 22 

was observed at temperatures ranging between 100 and 300 oC for the carbonated samples, 23 

associated with the additional formation of brucite and the transition of nesquehonite and 24 

hydromagnesite to artinite. The hydrated magnesium carbonates (HMCs) forming around 25 

brucite acted as barriers and inhibited its dehydroxylation. The decomposition of brucite and 26 

HMCs at 400 oC caused a porous microstructure and a low residual strength (5-8 MPa) in both 27 

the ambient-cured and carbonated samples. 28 

 29 

Keywords: Temperature; Microstructure; Carbonation; Stability; MgO; Reactive magnesium 30 

oxide cement 31 

 32 

1 Introduction 33 

 34 



In search of binders that are relatively more environmentally friendly than Portland cement 35 

(PC), researchers have identified reactive magnesium oxide (MgO) cement (RMC) as a 36 

promising candidate. The environmental benefits of the material include its ability to absorb 37 

and store atmospheric carbon dioxide (CO2) permanently, its lower production temperatures 38 

(i.e., 700-1000 vs. 1450 °C for PC) [1-5], and a possibility for full recyclability [6]. The limited 39 

global reserves of MgCO3, which is used as the raw material to form RMC through calcination, 40 

could be overcome with seawater or reject brine from desalination as magnesium-rich sources 41 

in the production. In the process, alkali reagents such as lime, calcium hydroxide, dolime 42 

(CaO.MgO) [7, 8], hydrated lime (Ca(OH)2·2H2O) [9], sodium hydroxide (NaOH) [10, 11], 43 

and ammonia solution (NH4OH) [12] are generally used to increase the pH of the feed solution 44 

and thus induce the precipitation of brucite (Mg(OH)2). The precipitate can be separated by 45 

filtering and washing [7] and subsequently calcined to form MgO [11]. In comparison to the 46 

utilization of MgCO3 as the raw material, the waste brine route would potentially help to offset 47 

the high embodied CO2 content [13], of which 1.1 tonnes of CO2 per unit tonne of MgO arises 48 

from the decomposition of MgCO3 alone [14].  49 

 50 

In addition to the sustainability consideration, one of the main engineering criteria for any 51 

material to be applied in construction is its ability to achieve the required mechanical 52 

properties. RMC-based composites gain strength through both hydration and carbonation 53 

processes. In the hydration process, MgO is converted into Mg(OH)2(aq,s) which provides a 54 

limited binding action for the matrix. The formation of Mg(OH)2(aq,s) is also associated with 55 

the release of OH- ions and the increase in pH value of the pore solution, thus stimulating the 56 

dissolution of CO2. The dissolved CO2 reacts with Mg(OH)2(aq,s) to form stable hydrated 57 

magnesium carbonates (HMCs) during the carbonation process. Needle-like nesquehonite 58 

(MgCO3·3H2O), disk/rosette-like hydromagnesite (4MgCO3·Mg(OH)2·4H2O), dypingite 59 

(4MgCO3·Mg(OH)2·5H2O), and acicular artinite (MgCO3·Mg(OH)2·3H2O) are the most 60 

common HMCs formed in carbonated RMC concrete formulations [3, 4, 15]. The HMCs 61 

increase the matrix density as a result of their expansive nature and interconnected networks to 62 

promote the binding ability and the associated strength gain of RMC-based composites [16-63 

19]. Thus, the degree of hydration and carbonation are the main factors in determining the 64 

performance of RMC samples. 65 

 66 

Significant improvement in the performance of RMC-based composites has been achieved via 67 

the enhancement of the hydration and carbonation processes. The classical ball milling method 68 



was used to modify the morphology and microstructure of reactive MgO, leading to an 69 

improved hydration reaction rate [20]. With the same water-binder ratio of 0.6, the use of 70 

hydrochloric acid (HCl) as a hydration agent (HA) at a concentration of 0.05 M enhanced the 71 

hydration rate of MgO and formation of Mg(OH)2(aq,s), resulting in an approximately two-fold 72 

increase in the 28-day compressive strength in comparison to a reference mix without the HA 73 

[21]. Similarly, the use of magnesium acetate ((CH3COO)2Mg) at 0.05 M concentration in 74 

RMC-based concrete mixes of a water-binder ratio of 0.55 was responsible for an increase in 75 

the hydration degree of MgO by 30% and in the compressive strength by 2.7 times after 14 76 

days of curing [17]. Incorporation of nucleation seeding such as hydromagnesite was shown to 77 

accelerate the hydration of MgO and induce the formation of an amorphous carbonation phase 78 

to contribute to a significant strength enhancement of the composite [22]. By adding 3 wt. % 79 

of caustic magnesium oxide and chemical admixture to the RMC, 3D printing of complex 80 

structures with precise shape retention were achieved [23]. 81 

 82 

Carbonation via elevated CO2 concentrations (i.e., 5-20%) stimulated the formation of HMCs 83 

and resulted in an increase of approximately 7 times in the 28-day compressive strength with 84 

respect to ambient carbonation [16, 17, 21, 24]. Moreover, the simultaneous implementation 85 

of the hydration agents and the accelerated carbonation increased the 28-day compressive 86 

strength by 14 times compared with the control RMC samples cured under the ambient 87 

condition (4 MPa vs. 56 MPa) [17]. Under a carbonation environment of 10% CO2, 88 

simultaneous inclusion of (CH3COO)2Mg as a hydration agent and hydromagnesite as seeds 89 

improved the hydration and carbonation to result in a 64% improvement in CO2 sequestration 90 

and a 46% increase in the 28-day compressive strength (48 MPa vs. 70 MPa) [18 ]. The HA or 91 

seeds alone led to a strength enhancement of only 42% and 33%, respectively, suggesting a 92 

synergy when the two techniques are implemented together. The significant enhancement in 93 

the mechanical performance within RMC samples with hydration agents and/or nucleation 94 

seeding under the accelerated carbonation was fundamentally attributed to an increase in the 95 

carbonation content and formation of HMCs of larger morphologies [5, 17, 18, 21, 25]. 96 

Supercritical CO2 (scCO2) was recently shown to lead to a mature strength development of 97 

RMC-based composites within hours of exposure and enhance the CO2 sequestration content 98 

[26]. XRD phase quantification with Rietveld refinement showed that the HMCs were 99 

predominantly composed of nesquehonite and hydromagnesite under prolonged carbonation 100 

[27]. An investigation with SEM, transmission electron microscopy (TEM), electron energy-101 

loss spectroscopy (EELS), and Raman spectroscopy also indicated the formation of an 102 



amorphous phase containing Mg, O, H, and C under both ambient and concentrated CO2 curing 103 

[22, 28].  104 

 105 

With the compressive strength ranging from 10 to 70 MPa [17, 18, 29], RMC-based concrete 106 

is applicable in various areas where PC is currently used. Yet, the integrity of the composites 107 

under fire or high-temperature exposure has not been explored. Such understanding is critical 108 

and would contribute to possible design recommendations as the material gains traction in the 109 

construction industry. Indeed, every building material is vulnerable to fire hazards in a real-110 

time environment. Therefore, its stability under high temperatures is vital not only to the overall 111 

structural integrity but also to the safety of the occupants of the structures. In this context, the 112 

fire resistance of PC-based concrete has been extensively studied [30-32]. Due to the lower 113 

thermal conductivity of concrete [33] and its ability to retain a considerable proportion of 114 

strength at high temperatures (200-400 oC) [34, 35], international building codes have 115 

traditionally set up guidelines for fire protection of structural components by specifying 116 

minimum concrete covers to protect the embedded reinforcement [36, 37]. On the other hand, 117 

the thermal decomposition of hydration and carbonation products such as nesquehonite, 118 

hydromagnesite, and brucite inherent in RMC-based concrete, were individually studied 119 

previously [38-41]. The loss of physically bound water from the HMCs occurs in the 120 

temperature range of 50-300 oC, whereas the dehydroxylation of brucite and HMCs takes place 121 

at nearly 300-500 oC, while the decarbonation starts at about 440 oC. The high thermal 122 

decomposition temperature, non-toxicity, and high specific heat make Mg(OH)2 an attractive 123 

fire retardant additive for both polymers and natural fibers composites [42-44]. However, the 124 

thermal decomposition of brucite with and without the presence of HMCs as a composite has 125 

not been thoroughly investigated, not to mention its thermo-mechanical property evolution, 126 

relevance, and implications for building applications.  127 

 128 

This study aims to assess the thermal stability of RMC-based concrete at elevated temperatures 129 

(50-400 oC) as specified in building code requirements [45, 46]. A comprehensive investigation 130 

was performed on RMC-based composites to provide new insights into the influence of high-131 

temperature exposure on their mechanical and physicochemical properties. A focus was made 132 

on the evolution of the micro-mechanical, compressive strength, porosity, morphological and 133 

crystal properties of the hydration and carbonation phases. Concrete samples prepared with a 134 

hydration agent were cured under ambient and accelerated carbonation conditions. The thermal 135 

stability of the concrete was first assessed by its residual compressive strength and 136 



microstructural changes after exposure to the elevated temperatures followed by cooling to 137 

room temperature. Porosity as an indicator of matrix densification and strength gain was then 138 

quantified with mercury intrusion porosimetry (MIP). The morphology evolution of the 139 

samples was analyzed by both scanning electron microscopy (SEM) and environmental 140 

scanning electron microscopy (ESEM). Meanwhile, the phase transformation was investigated 141 

with Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), 142 

thermogravimetric analysis (TGA), and confocal Raman spectroscopy [47-49]. Finally, 143 

nanoindentation, a technique generally used for characterizing the micro-mechanical properties 144 

of cement-based materials and their binding phases [50-55], was used to estimate the elastic 145 

modulus of the carbonated samples. The indentation results provided signatory elastic modulus 146 

data that could be assigned to phases in the composites. 147 

 148 

2 Materials and Methods 149 

 150 

2.1 Materials  151 

 152 

RMC (commercial name “calcined magnesite 92/200”) used in this study was obtained from 153 

Richard Baker Harrison (UK). The physical and chemical properties of RMC are listed in Table 154 

1. The reactivity of RMC (i.e., measured by the time required to neutralize 0.25 M of acetic 155 

acid by 5 grams of RMC [8]) was recorded as 520 sec. Magnesium acetate ((CH3COO)2Mg), 156 

obtained from VWR (Singapore), was used as the hydration agent (HA) at a concentration of 157 

0.1 M (i.e., based on previous research [17]) to promote the hydration process. Saturated 158 

surface dry (SSD) gravel with a particle size of 4.7–9.5 mm was used as the aggregate for 159 

preparing the concrete samples. 160 

 161 

2.2 Sample preparation and methodology 162 

 163 

Table 2 shows the composition of the prepared concrete samples for this study. The mixture 164 

proportion was designed based on the preliminary results and previous studies [5, 18, 21]. 165 

(CH3COO)2Mg 0.1 M solution was used to improve the hydration and carbonation of RMC 166 

concrete samples [17, 56]. The ratio of (CH3COO)2Mg 0.1 M solution to binder was as high as 167 

0.65 to achieve a workable mix due to the high water consumption of RMC as a result of its 168 

fine particle size distribution and porous microstructure. Fine aggregates were not included in 169 

order to enable the extraction of the carbonated paste from the matrix without any 170 



contamination and to ensure accurate quantification of the hydration and carbonation phases 171 

via XRD and TGA. After mixing, the concrete was cast into 50 × 50 × 50 mm3 cubic molds, 172 

consolidated by a vibration table, and leveled by a trowel. After casting, one set of the samples 173 

was cured under accelerated carbonation with a CO2 concentration of 20% (labeled as C20), 174 

while the second set was cured under the ambient condition with an average atmospheric CO2 175 

concentration of ~ 0.04% (labeled as Amb). For both sets, the relative humidity and 176 

temperature were maintained at 80 ± 5% and 30 ± 1.5 oC, respectively. All samples were 177 

demolded after 24 hours of casting, and, for compression strength measurement, they were 178 

exposed to the two curing conditions for up to 28 days to investigate the strength development.  179 

 180 

The effect of high-temperature exposure was evaluated by heating the samples at 14 days to 181 

50, 100, 200, 300, and 400 °C in an oven. A heating rate of 5 oC/min was employed to reach 182 

the desired temperature. The target temperature was held for 2 hours as per standard fire safety 183 

testing procedures for buildings [45, 46, 57]. Once the heating cycle was completed, the 184 

samples were cooled down to room temperature at 5 oC/min. The samples were annotated by 185 

C followed by the CO2 concentration used for curing and T followed by the temperature at 186 

which they were heated for the adopted duration. Thus, the C20-T50 represents a sample cured 187 

under 20% CO2 concentration and heated to 50 °C for 2 hours. All sample sets were prepared 188 

in triplicates, and the compression testing was performed. Paste fragments were extracted from 189 

the cubes crushed during the strength testing and were stored in isopropanol for at least seven 190 

days to stop hydration. The samples were then dried under a vacuum for another three days 191 

before use for all analyses that followed. 192 

 193 

2.2.1 Compressive strength 194 

 195 

The compressive strength of the concrete sample was measured by uniaxial loading in 196 

triplicates at 1, 3, 7, 14, and 28 days. The equipment used for this purpose was a Toni Technik 197 

Baustoffprüfsysteme machine, operated at a loading rate of 55 kN/min. The samples exposed 198 

to the high-temperature regimes were also tested at 14 days for residual compressive strengths 199 

within 24 hours after the heating to prevent further carbonation and carbonation.  200 

 201 

2.2.2 Porosity 202 

  203 



The average pore size distribution of the samples was determined using AutoPore IV 9500 204 

high-pressure mercury intrusion porosimetry (MIP) system (Micromeritics) with a pressure 205 

capacity of up to 413 MPa (60,000 psi). The paste fragments approximately 10 mm in size 206 

from selected cubic samples were used to carry out the MIP analysis. The obtained MIP data 207 

was significantly scattered, and therefore the ‘locally weighted scatterplot smoothing 208 

(Lowess)’ was applied to get a better insight into the average pore size distribution of the 209 

samples. 210 

 211 

2.2.3 Microstructural analysis 212 

 213 

Scanning electron microscopy (SEM) was carried out with a Zeiss Evo 50 electron microscope 214 

to investigate the morphology evolution of the carbonation products within the prepared 215 

samples. Before the SEM analyses, the vacuum dried samples were mounted onto aluminum 216 

stubs using double-sided adhesive carbon tape. The whole assembly was subsequently coated 217 

with gold to prevent charging. To characterize the morphology, microstructure, and damage 218 

progression of the hydration and carbonation products, environmental SEM (ESEM) was 219 

performed on the 28-day sample with Quanta FEG 450 equipped with a heating stage. The 220 

sample was heated from 25 oC in a stepwise manner to 50, 100, 200, 300, and 400 °C at the 221 

rate of 20 oC/min. Before the image acquisition, the sample was held at these target 222 

temperatures for 30 minutes to reach equilibrium. 223 

 224 

2.2.4 FTIR 225 

 226 

The Fourier transformed infrared (FTIR) spectra of samples, used to identify functional groups 227 

of carbonation phases, were recorded using an FTIR spectrometer (Cary 670, Agilent) fitted 228 

with a diamond attenuated total reflectance (ATR) accessory. The samples were crushed into 229 

fine powders and deposited directly on to the diamond lens of the spectrometer. The spectra 230 

were then collected in the transmission mode with a wavenumber resolution of 1 cm-1. For each 231 

sample, 32 scans were recorded and averaged in the range of 800 cm-1 to 1900 cm-1, where the 232 

main vibration bands of HMCs were observed. 233 

 234 

2.2.5 XRD and TGA for phase quantification 235 

 236 



Powder X-ray diffraction (PXRD) patterns were recorded via Philips PW 1800 spectrometer 237 

using Cu Kα radiation (λ = 1.54060 Å) with a scanning rate of 0.017° per step in a 2θ range of 238 

5° to 70°. The internal standard used for quantification purposes was calcium fluorite (CaF2) 239 

mixed at a concentration of 2 wt.%. The quantitative phase analysis of the samples was 240 

obtained by the reference intensity ratio (RIR) technique [58-60], as described in the existing 241 

literature [18, 25]. 242 

 243 

Thermogravimetric analysis (TGA) was conducted on Perkin Elmer TGA 4000 equipment in 244 

a temperature range from 30 to 950 oC with a heating rate of 10 oC/min under nitrogen flow. 245 

To quantify the amount of different phases in each sample, derivative thermogravimetry (DTG) 246 

curves were deconvoluted according to the Gaussian area deconvolution method to reveal the 247 

area corresponding to the decomposition of each phase. 248 

 249 

2.2.6 Confocal Raman microscopy 250 

 251 

Structural characterization of the exterior surfaces of the respective paste samples was 252 

performed with Raman spectroscopy. The technique has been successfully used to identify 253 

chemical composition and atomic configuration of both anhydrous and hydrated phases of 254 

cement [48, 49, 61] and was shown to be sensitive to the carbon-oxygen (C-O) vibration bond 255 

at local atomic environments [62]. The features made it a good candidate to evaluate the 256 

prevalence of the carbonation phase in the RMC composites. The Raman spectra were recorded 257 

by raster scanning under a confocal Raman microscope, Alpha300 RA from WITec GmbH 258 

(Ulm, Germany), equipped with a Zeiss EC Epiplan 20x objective, a 488 nm laser and an 259 

SP2300i detector from Princeton Instruments (Acton, MA). The detector had a graze of 600 260 

l/mm for scanning in low resolution from 120 to 4000 cm-1. Calibration was performed on a 261 

silicon wafer using the 520 cm-1 emission band prior to sample analysis. The area scanned in 262 

confocal Raman mode was 170 by 170 μm with 170 points per line and 170 lines per image 263 

under an integration time of 0.2 sec. Data analysis was performed by using the Project 5.0 264 

software from Witec. The spectra were first recalibrated by zeroing the position of the Rayleigh 265 

band. An average spectrum of the whole scanned area was then obtained, on which the 266 

functions of cosmic ray removal, smoothing, and background subtraction were used. 267 

 268 

2.2.7 Nanoindentation for micro-elastic property characterization 269 

 270 



Sample fragments whose size ranged between 10-15 mm were embedded in epoxy using 30 × 271 

30 mm cylindrical silicone molds. The pellet samples were ground with sandpaper prior to 272 

polishing by oil-suspended diamond bits sequentially with sizes of 9, 6, 1, and 0.05 µm. The 273 

finished surfaces achieved a root-mean-square (RMS) roughness of approximately 100 nm, 274 

measured by atomic force microscopy (AFM).  Nano-indentation was then performed on the 275 

polished surface using a Keysight G-200 Nanoindenter equipped with a diamond Berkovich 276 

tip. A programmable technique where the hardness and modulus properties of the material were 277 

measured at a specified target penetration depth was adopted [50, 63]. A target penetration 278 

depth of 500 nm, about 5 times the surface roughness, was set to achieve an optimum 279 

interaction volume larger than the nanogranular globules [64] but smaller than the 280 

homogeneous isotropic region of a typical phase [65], thus to achieve repeatable and accurate 281 

test data.  A surface detection stiffness of 200 N/m and a dwell period of 10 s at the maximum 282 

load (to account for thermal drift and creep) were implemented [64, 65]. A total of 64 283 

indentations were made in an 8 × 8 matrix at a spacing of 50 µm per region per sample. In a 284 

typical indentation experiment, both elastic and plastic deformation occurs during loading, and 285 

as a result, the initial unloading branch of the load-displacement curve was used to quantify the 286 

elastic modulus. The elastic modulus (Ep) of the indented material was estimated from Eq. 1. 287 

Poisson’s ratios of 0.18-0.27, 0.20 and 0.25 were reported for MgO [66], Mg(OH)2 (MP-30247) 288 

and MgCO3 (MP-5348) [67], respectively. Considering the multi-phase of the hydration and 289 

carbonation products in the samples, an average Poisson’s ratio of 0.24, as adopted by other 290 

researchers for hydration products of Portland cement [68, 69], was applied in the stiffness 291 

calculation. Though, it is important to note that the second power relationship of Eq. 1 implies 292 

that the Poisson’s ratio range in between 0.18 to 0.27 would have an insignificant effect on the 293 

material indentation modulus. 294 

 295 

1/Er = (1-υ2)/Ep + (1-υi
2)/Ei               (1) 296 

 297 

where Er is the resultant or effective indentation modulus, υ is the Poisson’s ratio of the test 298 

material, Ei and υi are the elastic modulus and Poisson’s ratio, respectively, of the indenter. For 299 

a diamond tip, Ei = 1141 GPa and υi = 0.07 [63]. The deconvolution was based on the 300 

probability density functions (PDFs) of the tested results plotted with a bin size of 5 GPa. 301 

Lorentz distribution was chosen with manually selected initial peak locations. Iterations were 302 

subsequently performed to achieve a respective coefficient of determination R2 greater than 303 

0.99. 304 



 305 

3 Results and Discussion 306 

 307 

3.1 Compressive strength and thermal stability 308 

 309 

Fig. 1 (a) shows the compressive strength of RMC samples until 28 days of curing. The samples 310 

under the accelerated carbonation condition (C20) exhibited a significant strength 311 

development, while the samples under ambient curing (Amb) produced relatively low 312 

compressive strength. The accelerated carbonation improved the compressive strength by 5 313 

times after 3 days of curing. This proved the important role of carbonation in the strength 314 

development of RMC-based concretes. The initial rapid rate of carbonation enabled the C20 315 

samples to achieve 51 MPa at 7 days. Afterward, pore reduction with the resulting diffusion 316 

control of CO2 and the precipitation of carbonate phases on uncarbonated Mg(OH)2(aq,s) 317 

prevented the progress of the carbonation reaction and reduced the rate of strength gain  [26, 318 

70]. As a result, C20 samples exhibited a marginal strength gain to 58 MPa at 14 days and 60 319 

MPa at 28 days. It is noted that due to diffusion control arising from the matrix densification, 320 

the carbonation level was postulated to be non-uniform throughout the sample depth. This was 321 

proven in a previous study with X-ray computed tomography based on a correlation between 322 

grayscale and sample density [27, 70]. Quantification of the sequestered CO2 with TGA also 323 

confirmed the uneven carbonation where more extensive carbonation was observed for the 324 

exterior regions of RMC samples even after prolonged CO2 exposure [26]. 325 

 326 

Fig. 1 (b) presents the residual compressive strength of the RMC samples after being subjected 327 

to the high-temperature regimes. The compressive strength of the Amb samples increased from 328 

10 MPa to 15 MPa and 30 MPa when subjected to 100 and 200 oC, respectively. This significant 329 

increase in the compressive strength could be attributed to dehydration, which improved the 330 

cohesion and binding action of brucite, an increase in brucite content under exposure to high 331 

temperatures [56], and an improved morphology of the formed brucite. The second mechanism 332 

could be a result of the additional conversion of unhydrated MgO to brucite induced by an 333 

internal autoclaving condition under the high temperature and the evaporation of water [71, 334 

72]. However, the compressive strength of the Amb samples slightly decreased to 25 MPa and 335 

then dropped sharply to 5 MPa when subjected to 300 and 400 oC, respectively. The decrease 336 

in the compressive strength within this temperature range could be attributed to the 337 



dehydroxylation of brucite and decomposition of HMCs. The water loss from the dehydration 338 

and dehydroxylation at this high-temperature range can generate high vapor pressure inside the 339 

pores, leading to sample spalling [73]. On the other hand, the compressive strength of the C20 340 

samples increased to 65 MPa when subjected to 50 oC, then slightly dropped and remained 341 

stable at nearly 56 MPa when subjected to temperatures ranging between 100 and 300 oC. 342 

However, like the Amb samples, the compressive strength of the C20 samples dropped 343 

drastically to 8 MPa when heated further to 400 oC. 344 

 345 

3.2 MIP analysis 346 

 347 

Fig. 2 (a) and (b) show the MIP pore size vs. pore volume distribution of the samples cured 348 

under ambient and accelerated carbonation conditions, respectively, followed by exposure to 349 

the high temperatures regimes. In the case of the Amb samples, the pore size distribution 350 

remained relatively stable with main peaks centered at 0.6 μm up until 100 °C. The large-range 351 

pore size for the Amb sample became smaller at 200 °C, attributable to the induced hydration 352 

of the remaining MgO. Diffused distribution peaks in size range of 0.01-0.1 μm were observed 353 

in all the Amb samples, confirming that smaller pores were also present in minor proportions. 354 

When heated further to 400 °C, the Amb-T400 sample showed a significant increase in the 355 

number of smaller pores, as indicated by another high-intensity distribution peak at 0.02 μm, 356 

attributable to the thermal decomposition of brucite that occurs at nearly 300 °C.  357 

 358 

As expected, the accelerated carbonation caused an extensive formation of HMCs, which led 359 

to significant densification of the microstructure and a reduction in pore sizes. The main peaks 360 

occurred at 0.02-0.03 μm for the sample cured under 30 °C. A diffused peak, however, was 361 

seen at nearly 0.8 μm, representing a small proportion of larger pores. As compared to the Amb 362 

samples, the pore size distribution of the C20 samples was found to be much more sensitive to 363 

heat treatment. When heated at 100 °C, the primary distribution peak splits into multiple 364 

smaller peaks centered at about 0.02, 0.01, and 0.008 μm. The change was attributed to sample 365 

dehydration and likely desorption of water from HMCs, leading to a small decrease in the 366 

compressive strength. Heating further to 200 oC and 400 °C induced further formation of 367 

smaller pores below 0.005 μm, and larger pores with diffused peaks centered in the range of 368 

0.3-0.7 μm were also noted. This resulted in microstructural heterogeneity and a sharp decline 369 

in the compressive strength. The large variation in pore size distribution at high temperatures 370 



of the RMC samples cured under the accelerated carbonation condition could be closely 371 

attributed to the decomposition onset of different HMCs and the loss of physically adsorbed 372 

water. Detailed thermodynamic investigations of HMCs [74] revealed that under the ambient 373 

pressure, nesquehonite began to dehydrate at temperatures as low as 46 °C and a reversible 374 

transformation between the nesquehonite and hydromagnesite could occur at approximately 68 375 

°C. On the other hand, the ambient RMC samples displayed greater temperature stability and 376 

pore size distribution since they are primarily composed of brucite whose thermal 377 

decomposition is initiated at nearly 270 °C. 378 

 379 

3.3 SEM and ESEM 380 

 381 

 382 

Fig. 3 and  383 

Fig. 4 reveal the microstructures of the Amb and the C20 samples subjected to high 384 

temperatures after 14 days of curing, respectively. The Amb samples with low carbonate 385 

content showed a porous microstructure of tiny platelet brucite with size < 1 µm ( 386 

Fig. 3 (a)), explaining its low compressive strength. The accelerated hydration, when subjected 387 

to 50 oC, resulted in the additional formation of brucite and denser microstructure in the Amb-388 

T50 samples ( 389 

Fig. 3 (b)). The improvement to the morphology of the hydration products was also achieved 390 

when the Amb samples were subjected to 100 oC and 200 oC ( 391 

Fig. 3 (c) and (d)) with disk-like morphology of brucite observed in the respective samples. 392 

The disk-like brucite agglomerated to form a rose-like structure with a diameter of ~1 µm in 393 

the Amb-T100 sample and up to ~2µm in the Amb-T200 sample. This development in brucite 394 

morphology would contribute to the strength development when the Amb samples were heated 395 

up to 200 oC.  Agglomerated brucite of an irregular shape with a width of up to ~1 µm was also 396 

seen in the Amb-T300 sample ( 397 



Fig. 3 (e)). Platelet-like brucite started to disappear due to dehydroxylation that occurred at 300 398 

oC. Extensive dehydroxylation at 400 oC caused decomposition of brucite flakes, leading to a 399 

porous microstructure ( 400 

Fig. 3 (f)) and the associated strength decline in the Amb-T400 sample relative to the Amb-401 

T200 sample. 402 

 403 

The accelerated carbonation facilitated the formation of HMCs and led to the dense 404 

microstructure of the C20 samples after 14 days of carbonation ( 405 

Fig. 4 (a)). Rosette-like hydromagnesite (~1 μm diameter) formed on top of a solid layer of 406 

nesquehonite (~0.5 μm diameter) and provided the filler effect and binding properties in the 407 

samples. Cracking was observed on nesquehonite when the C20 samples were subjected to 50 408 

oC ( 409 

Fig. 4 (b)), attributed to its structural instability induced by the loss of bound water at 50 oC 410 

[40]. Despite the cracking, there was an increase in the size of nesquehonite as its diameter rose 411 

up to 1.2 μm. The improvement in the crystal size, along with the additional formation of 412 

brucite as noted in the Amb samples, explained the increase in the compressive strength of the 413 

C20-T50 sample when compared with the C20-T30 sample. In the C20-T100 sample, 414 

nesquehonite needles were observed to remain interlinked as a dense carbonate phase despite 415 

extensive damage to hydromagnesite ( 416 

Fig. 4 (c)). When the C20 samples were further subjected to 200 oC and 300 oC, nesquehonite 417 

seemed to disappear, while hydromagnesite was reduced in size ( 418 

Fig. 4 (d) and (e)) as also noted in [40]. As the heating proceeded to 400 oC, the dehydroxylation 419 

coupled with the decarbonation led to the decomposition of most of the HMCs and brucite, 420 

which resulted in the porous microstructure and a sharp strength decline in the C20-T400 421 

sample. 422 

 423 

ESEM images for the C20-T30 sample subjected to different heating temperatures are 424 

presented in Fig. 5. A focus was made on an area consisting of unreacted MgO (circled) and 425 



HMCs, mainly of nesquehonite. Consistent with the SEM observation for the samples under 426 

the prolonged heating regimes, cracks in nesquehonite occurred at the temperature of 50 oC 427 

due to dehydration, as indicated by an arrow in Fig. 5 (b). However, as the temperature 428 

increased, the extent of cracking was noticeably less as compared with the same samples under 429 

the prolonged heating. The longer heating duration was postulated to provide more time for 430 

dehydration and chemical decomposition of the reaction products, thus resulting in a higher 431 

shrinkage and subsequent cracking. The decomposition of HMCs and a corresponding 432 

reduction in their unit volumes were observed when the temperature increased from 300 oC to 433 

400 oC, as marked by dashed rectangles in Fig. 5 (e) and (f). 434 

 435 

3.4 FTIR 436 

 437 

Fig. 6 (a) and (b) show the FTIR spectra of the samples cured under the ambient and the 438 

accelerated carbonation conditions, respectively, and heated to temperatures ranging from 30 439 

°C to 400 °C. In the case of the Amb samples heated to 30 °C, 100 °C, and 200 °C, the broad 440 

peak centered at 1420 cm-1 and an adjacent diffused shoulder at 1476 cm-1 corresponded to the 441 

hydromagnesite and dypingite phases [75]. The presence of nesquehonite could hardly be 442 

predicted through a diffuse band at 1648 cm-1, which collectively represented the OH- bending 443 

vibration in water present in both the hydromagnesite and nesquehonite phases [76]. However, 444 

when the samples were heated to 400 °C, which was above the decomposition temperature 445 

(350 °C) of HMCs [77], the peak center shifted to 1458 cm-1 with a diffused shoulder at 1402 446 

cm-1, representing the disintegration of HMCs. In the case of the C20 samples heated to 30 °C 447 

and 100 °C, the trend was similar except for a new diffused shoulder centered at 1517 cm-1, 448 

which was exclusive to the antisymmetric stretching vibration of CO3
2- in the nesquehonite 449 

phase with a minor contribution from antisymmetric stretching vibration of CO3
2- in the 450 

hydromagnesite phase, as reported in several studies [76, 78]. In addition, the low-intensity 451 

bands at 850 and 880 cm-1, corresponding to the bending vibration of CO3
2-, collectively 452 

represented the hydromagnesite and dypingite phases with a possible existence of the huntite 453 

phase [76]. This confirmed that the formation of a variety of HMCs was promoted under the 454 

accelerated carbonation, leading to microstructural densification and the associated significant 455 

gain strength. At 200 °C, the diffused shoulder at 1517 cm-1 disappeared, showing the 456 

instability of the nesquehonite phase. Near the decomposition temperature of HMCs (i.e. at 400 457 

°C), the characteristic and broad HMCs peak centered at 1420 cm-1 disappeared and flattened 458 

out, which was consistent with a previous high-temperature FTIR study on nesquehonite [78]. 459 



This thermal decomposition of nesquehonite and other HMCs led to increased porosity and a 460 

sharp decline of mechanical properties, as evident in Fig. 1. 461 

 462 

3.5 XRD 463 

 464 

The XRD patterns of samples subjected to the high temperatures after curing under the ambient 465 

and the accelerated carbonation are shown in Fig. 7 (a) and (b), respectively. Periclase (MgO; 466 

PDF #00-043-1022) and brucite (Mg(OH)2; PDF #00-007-0239) were observed with the main 467 

peaks at 42.9° and 38.1° 2θ, respectively. Dypingite (4MgCO3·Mg(OH)2·5H2O; PDF #00-029-468 

0857), nesquehonite (MgCO3·3H2O PDF #00-020-0669), hydromagnesite 469 

(4MgCO3·Mg(OH)2·4H2O; PDF #00-025-0513), and artinite (Mg2CO3(OH)2·3H2O; PDF #00-470 

006-0484) were the main carbonation products observed with the main peaks at 8.1°, 471 

13.7°,15.2°, and 32.8° 2θ, respectively. A comparison of the HMC phases at 14 days before 472 

heating (T30) based on the intensity of fluorite (main peak at 28.2° 2θ) as the internal standard 473 

revealed higher intensities of HMCs within the samples under the accelerated carbonation 474 

curing than the samples under the ambient curing. This higher HMCs content of the carbonated 475 

samples was responsible for their higher strength. 476 

 477 

As the samples were heated to 50 °C (T50), the brucite content increased in both the samples 478 

under the ambient and accelerated carbonation conditions. This increase in brucite content 479 

proved the accelerated hydration of MgO under 50 °C. In addition to brucite, the increase in 480 

the formation of artinite within the C20 sample was obvious. The formation of artinite could 481 

be from the reaction of uncarbonated brucite with ambient CO2 or dissolved CO2 in the pore 482 

structure. After heating to 50 °C, the Amb samples retained their compressive strength despite 483 

the additional formation of brucite, while the C20 sample with the additional formation of 484 

brucite and artinite achieved an increase in the compressive strength by 7 MPa. This 485 

highlighted the important role of HMC formation in contributing to the strength development 486 

of RMC-based concretes. 487 

 488 

As the heating proceeded further, the brucite and artinite contents of the Amb samples 489 

increased and were associated with a further increase in the compressive strength until 200 °C. 490 

Despite an increase in artinite, the C20 samples exposed to heating experienced an overall loss 491 

in the HMCs content and the compressive strength. Their reduction in the HMCs content could 492 

be due to the loss of the bound water at around 100 °C to result in a partial collapse of the 493 



nesquehonite structure [40, 41]. The brucite content was gradually reduced when the samples 494 

were subjected to 300 °C due to its dehydroxylation. This was also associated with the small 495 

strength loss in both the Amb and the C20 samples. As the samples were heated to 400 °C, the 496 

artinite content decreased in the Amb samples due to its decarbonation, yet significantly rose 497 

in the C20 sample. The incline of artinite within the C20 sample could be attributed to its 498 

transient phase from the decomposition of other HMCs such as nesquehonite and 499 

hydromagnesite as governed by Eq. 2 and 3, respectively. The dehydroxylation and 500 

decarbonation after 400 °C led to an increase in the periclase content and the significant 501 

strength drop, as previously shown in Fig. 1.  502 

 503 

2MgCO3
.3H2O → Mg2CO3(OH)2

.3H2O + CO2 +2H2O           (2) 504 

 505 

4MgCO3·Mg(OH)2·4H2O → Mg2CO3(OH)2
.3H2O + 3MgO+ 3CO2 +H2O         (3) 506 

 507 

The quantification of MgO within each sample is provided in Table 3. It is confirmed that the 508 

content of MgO in both the Amb and the C20 samples was reduced up to 200 oC due to its 509 

conversion to brucite. At higher temperatures, the MgO content increased as a result of 510 

dehydroxylation and decomposition of the HMCs. Also, a reduction in the pore solution pH 511 

was found to induce the hydration of MgO [17, 79]. In this study, it is postulated that the 512 

dissolution of CO2 under the accelerated carbonation condition lowered the pore solution pH 513 

and consequently improved the hydration of MgO within the C20 samples. This mechanism 514 

led to lower unhydrated MgO contents within the samples cured under the accelerated 515 

carbonation compared to those cured under the ambient condition.   516 

 517 

3.6 TGA 518 

 519 

The TGA results of the samples subjected to the ambient and accelerated carbonation 520 

conditions and followed by exposure to the high temperatures are presented in Fig. 8 (a) and 521 

(b), respectively. Without heating, the carbonated samples at 14 days showed a higher mass 522 

loss than the corresponding ambient-cured samples. The higher mass loss within the C20 523 

samples could be due to the additional decomposition of HMCs. An endothermic peak 524 

responsible for the dehydration of water bonded to HMCs was observed at ~100 °C. A strong 525 

endothermic peak corresponding to the decomposition of brucite, accompanied by the 526 



dehydroxylation (e.g., artinite) and decarbonation (e.g., nesquehonite) of HMCs was observed 527 

at around ~360-380 °C. A shoulder peak related to the decarbonation of HMCs was observed 528 

at ~440 °C within the C20 samples. Furthermore, two endothermic peaks corresponding to the 529 

decarbonation of HMCs were observed at ~540 °C and 600 °C. The samples subjected to higher 530 

temperatures (e.g., T300 and T400) had both experienced partial dehydration and 531 

dehydroxylation, thereby giving lower mass losses than the samples exposed to lower 532 

temperatures (e.g., T30 and T50). The three main decomposition steps of all samples were 533 

consistent with the patterns presented in previous studies [38, 40, 80-84] and are summarized 534 

below: 535 

 536 

Dehydration of water bonded to HMCs (e.g., artinite, nesquehonite, and dypingite) from 30 °C 537 

to 200 °C, as shown in Eq. 4 [40, 80-84]: 538 

 539 

xMgCO3·yMg(OH)2·zH2O → xMgCO3·yMg(OH)2 + zH2O                  (4) 540 

 541 

Decomposition of uncarbonated brucite (Eq. 5), dehydroxylation of HMCs such as artinite and 542 

dypingite (Eq. 6) from 200 °C to 450 °C [40, 81-84]: 543 

 544 

Mg(OH)2 → MgO + H2O               (5) 545 

 546 

xMgCO3·yMg(OH)2 → xMgCO3 + yMgO + yH2O            (6) 547 

 548 

And decarbonation of residual magnesium carbonate (Eq. 7) from 450 °C to 950 °C [40, 84]: 549 

 550 

MgCO3 → MgO + CO2               (7) 551 

 552 

The mass loss values associated with each of the hydration and carbonation phases obtained by 553 

calculating the area of their respective deconvoluted DTG curves are summarized in Table 4. 554 

With no high temperatures, all the mass losses would be associated with the dehydroxylation 555 

of brucite and HMCs formed during the hydration and carbonation period. The data in Table 4 556 

thus represent the decomposition remaining after the high-temperature regimes. It is observed 557 

that the mass losses due to the dehydration in the C20 samples were more significant in 558 

comparison to the values in the Amb samples. This was attributed to the higher content of 559 



HMCs formed during the accelerated carbonation of the C20 samples. According to Table 4, 560 

dehydration and dehydroxylation obtained from TGA exhibited a decreasing trend when the 561 

samples were heated beyond 200 oC, attributable to partial decomposition of the reaction 562 

products under the heat treatment. The decarbonation contents in the Amb sample remained 563 

stable until 300 oC, while the decarbonation in the C20 samples noticeably decreased when 564 

they were subjected to temperatures greater than 50 oC. In comparison to the Amb samples, the 565 

C20 samples subjected to 200-300 oC attained higher dehydroxylation. The finding suggested 566 

their higher hydration during the carbonation period and a decreased dehydroxylation rate of 567 

brucite due to a physical barrier effect induced by the formation of HMCs. 568 

 569 

An increase in the mass loss due to dehydroxylation was noted in the Amb samples when they 570 

were heated to 100 oC (21.5 wt.% at 30 oC vs. 22.6 wt.% at 50 oC and 23.2 wt.% at 100 oC). 571 

The result confirmed that the enhanced hydration of the unhydrated MgO to form brucite under 572 

the heating regimes. Though, heating at 200 oC reduced the mass loss corresponding to 573 

dehydration and dehydroxylation of the Amb sample to 1.4 wt.% and 21.7 wt.%, respectively. 574 

Interestingly, the compressive strength of the Amb sample under 200 oC significantly increased 575 

when compared to the samples under 100oC (as seen in section 3.1). One possible explanation 576 

for the phenomenon is the significant change in morphology of hydration and carbonation 577 

products (as shown by SEM), which improved the microstructure and consequentially the 578 

compressive strength. It is also observed that the mass losses due to dehydration slightly 579 

decreased when the heating temperature rose from 200 to 300 oC (1.4 wt.% vs. 1.2 wt.%), while 580 

other products were left almost unchanged. This reduction in the dehydration was attributed to 581 

the loss of 5 MPa in the compressive strength of the Amb-T300 sample when compared to the 582 

Amb-T200 sample. When the heating temperature increased to 400 oC, significant 583 

decomposition corresponding to the dehydroxylation and decarbonation occurred. This 584 

resulted in the decrease in the total mass loss (27.4 wt.% vs. 19.8 wt.%) and was responsible 585 

for a 20 MPa reduction in the compressive strength within the Amb-T400 sample relative to 586 

the Amb-T300 samples (25 MPa vs. 5 MPa). 587 

 588 

Similar to the Amb samples, the mass loss corresponding to the dehydroxylation within the 589 

C20 samples increased when they were heated up to 100 oC (22.8 wt.% vs. 25.6 wt.%), 590 

attributable to the additionally accelerated hydration of the unhydrated MgO. However, the 591 

decomposition of HMCs within the C20 samples occurred during the heating, as indicated by 592 

the corresponding decrease in the remaining dehydration. For heating from 30 oC to 50 oC, the 593 



dehydration decreased from 9.6 wt.% to 9.2 wt.% while the decarbonation was lowered from 594 

6.4 wt.% vs. 5.7 wt.%. Despite the decomposition of HMCs and the reduction of total mass 595 

loss (38.8 wt.% vs. 37.9 wt.%), the compressive strength of the C20-T50 sample was higher 596 

than that of the C20-T30 sample. At 100 oC, the decomposition due to the dehydration and 597 

decarbonation was offset by the additional hydration of unhydrated MgO, leading to a similar 598 

total mass loss in the C20-T50 sample (37.9 wt.%) and the C20-T100 sample (38 wt.%). 599 

However, the loss of 9 MPa in the compressive strength of the C20-T100 indicated the 600 

dominant role of the HMCs in dictating the mechanical properties of the composite. At higher 601 

temperatures, the C20 samples experienced further decomposition of the hydration and 602 

carbonation products. This was reflected by their reduced total mass losses of 33.3 wt.% at 200 603 

oC and 31.4 wt.% at 200 oC vs. 38.8 wt.% 100 oC.  Though their compressive strengths were 604 

of a similar magnitude, and this reinforced the fact that in addition to the content of hydration 605 

and carbonation, the morphology played a critical role in strength retention. For the heating of 606 

400 oC, the C20-T400 sample retained dehydroxylation of only 13.3 wt.% vs. 23.9 wt.% for 607 

the C20-T300. Aggravated by the remaining small dehydration (2.2 wt.%) and decarbonation 608 

(4.3 wt.%), the sample underwent a drop of 45 MPa in the compressive strength, as indicated 609 

in Fig. 1 (b). 610 

 611 

3.7 Confocal Raman microscopy 612 

 613 

Fig. 9 presents Raman spectra obtained for the external surfaces of the samples under both the 614 

ambient and accelerated carbonation conditions and subjected to heating at 30 oC, 50 oC, 200 615 

oC, and 400 oC for 2 hours. Normalization was performed with respect to the maximum 616 

intensity between Raman shifts of 50 cm-1 and 4000 cm-1
. According to Raman spectra obtained 617 

from RRUFF database for brucite (R040077), nesquehonite (R050639), hydromagnesite 618 

(R060011), dypingite (R070086), and artinite (R060166), the peaks at 277 cm-1, 442 cm-1, 726 619 

cm-1, and 1086 cm-1 are attributed to OH- vibration modes in brucite. An additional peak for 620 

brucite at 3652 cm-1 was also reported by other researchers [85]. Meanwhile, the peaks in the 621 

vicinity of 1100 cm-1 are associated with that of C ̶ O vibration in CO3
2- within carbonation 622 

products with slight shifting to the right as compared with the corresponding frequency peak 623 

of OH- in brucite. The peak positions from the database are consistent with the Raman spectra 624 

presented previously for nesquehonite [80], hydromagnesite [81], and dypingite and artinite 625 

[86]. 626 

 627 



The Amb samples exposed to heating at 30 oC and 50 oC exhibited peaks at 277 cm-1, 444 cm-628 

1, and 3638 cm-1, associated with OH- vibration due to the presence of Mg(OH)2 in the matrix 629 

system. Heating the Amb samples up to 200 oC did not have a significant effect on the spectrum 630 

profile, and this further reinforced the argument that the morphology evolution contributed to 631 

strength enhancement of the samples. The decomposition of brucite at temperatures between 632 

360 oC and 380 oC led to less intense Raman peaks for the Amb-T400 sample. It is important 633 

to note that the application of the background subtraction adopted in data processing resulted 634 

in a high noise level and apparent high peaks in the vicinity of 1093 cm-1 and 3646 cm-1, as 635 

shown in Fig. 9 (a) for the Amb-T400 sample. Conversely, Fig. 9 (b) revealed that the 636 

accelerated carbonation induced the formation of carbonation products, which was evident by 637 

peak centers at 1181.1 cm-1 for the C20-T30 and 1118.3 cm-1 for the C20-T50 sample. As 638 

compared with the Amb samples, the carbonated samples showed greatly diminished relative 639 

intensities in the region of 3638 cm-1 at heating temperatures of 30 oC and 50 oC, indicating a 640 

reduced presence of brucite due to its conversion to the carbonation phases. Peaks at low 641 

frequency match those of artinite, which was expected to be present as part of the carbonation 642 

products. On the other extreme, the spectrum bands in the vicinity of 3416 cm-1 could be 643 

assigned to moisture in the system [80]. For the C20-T200 sample, the peak band for moisture 644 

became significantly reduced due to dehydration. Also, the peak band in the vicinity of 3638 645 

cm-1 for OH- vibration of brucite became more apparent while the peak at 1183 cm-1 became 646 

relatively less intense and shifted to 1098 cm-1, attributable to an increase in Mg(OH)2 content 647 

and partial decarbonation of HMCs. Increasing the target heating temperature from 200 oC to 648 

400 oC led to greatly reduced peak intensities when compared with those of the C20-T200 649 

sample as a result of further dehydroxylation and decarbonation. Nevertheless, the peak at 1098 650 

cm-1 assigned to OH- in Mg(OH)2 persisted. This could be attributed to the presence of HMCs 651 

forming layers around brucite and acting as a physical barrier to delay its dehydroxylation. 652 

 653 

3.8 Nanoindentation 654 

 655 

Relative frequency plots of elastic modulus data from the nanoindentation experiment are given 656 

in Fig. 10 and Fig. 11 for samples cured under the ambient and accelerated carbonation 657 

conditions, respectively. The average elastic modulus values for individual nanoindentation 658 

tests are also given in Fig. 12. In line with the compressive strength results, it is evident that 659 

heating up to 300 oC enhanced the modulus of the Amb samples as marked by a shift of the 660 

relative frequency profiles to the right and higher average modulus values as compared with 661 



that of the Amb-T30 sample.  Interestingly, there is an insignificant difference in the relative 662 

frequency plots and the resulting average modulus values for Amb-T100 and Amb-T200 (Fig. 663 

10 (c) and (d)). This is consistent with the TGA data, where individual mass losses 664 

corresponding to dehydration, dehydroxylation, and decarbonation were very similar among 665 

the samples. The onset of decomposition of brucite at a heating temperature of 300 oC led to a 666 

slight increase in low modulus phases, as translated into a corresponding reduction in the 667 

compressive strength. At 400 oC, the decomposition of brucite led to a more porous 668 

microstructure and a significant increase in the low-modulus peak (Fig. 10 (f)). 669 

 670 

When compared with the ambient condition, the accelerated carbonation greatly enhanced 671 

micro-mechanical properties of the composite as reflected by a significant increase in the high-672 

modulus phase in the C20-T30 sample (Fig. 11 (a)). Using Lorentz non-linear fit for the sample, 673 

the average modulus for HMCs was estimated to be 17.6 GPa. A similar elastic modulus 674 

distribution was observed for the C20-T50 and C20-T100 samples (Fig. 11 (b), and (c)), despite 675 

a higher compressive strength in the C20-T50 sample. It is anticipated that a possible modulus 676 

enhancement, due to improvement in the crystal size of nesquehonite and additional formation 677 

of brucite at 50 oC heating, was offset by the nano and micro-crack formation, which was not 678 

translated to the overall macro response of the concrete under the compressive testing. Crack 679 

propagation in concrete usually initiates from micro defects at the interfacial zones [87], thus 680 

obscuring the influence of smaller-scale cracks in the matrix on the overall compressive 681 

response. Otherwise, the nano and macro-scale cracks could influence the nanoindentation data 682 

due to an interaction micro-volume underneath the indenter tip, whose size was estimated to 683 

be approximately 10 times the indentation depth [88, 89] or 5 µm for the case of this study. 684 

Consistent with the TGA results where a high level of dehydration of HMCs started to occur 685 

at 200 oC, a corresponding reduction in medium modulus (in the range of 17.6 GPa) phases 686 

and the associated increase in low modulus phases were observed in the C20-T200, C20-T300, 687 

and C20-T400 samples (Fig. 11 (d), (e), and (f)). Despite retaining a higher compressive 688 

strength than the Amb-T400 sample, the C20-T400 sample exhibited a higher relative 689 

frequency for the low-modulus phases, as also reflected by the lower average modulus value 690 

(Fig. 12). The incongruence was attributed to more formation of nano and macro-scale cracking 691 

in the C20-T400 sample due to its more intense decomposition at the heating temperature of 692 

400 oC.  693 

 694 



4 Conclusions 695 

 696 

With the goal of proving and expanding the potential application areas of reactive MgO cement 697 

(RMC) mixes for buildings, this study investigated the strength, composition, and 698 

microstructure of RMC-based concrete mixes cured under ambient and accelerated carbonation 699 

conditions, followed by exposure to high temperatures ranging from 30 oC to 400 oC. For the 700 

ambient-cured samples, the hydration of the remaining MgO was accelerated under heating up 701 

to 200 oC. This additional hydration densified the microstructure, which was composed of 702 

brucite with an improved morphology. This contributed to significantly higher compressive 703 

strengths in the samples (i.e., 10 MPa vs. 30 MPa). At the heating temperatures of 300 oC and 704 

400 oC, the dehydroxylation of brucite led to a significant loss of its binding ability. This 705 

reduction in brucite was accompanied by an increase in the pore size (i.e., mostly in the range 706 

of 0.5-0.7 μm), resulting in a strength decrease to 5 MPa at 400 oC. Consistently, the ambient-707 

cured samples exhibited enhanced micromechanical properties at up to 100 oC. Further 708 

exposure to higher temperatures at up to 300 oC did not have a significant influence on their 709 

nanoindentation modulus values due to a combined action of crack formation and morphology 710 

change. 711 

 712 

For the samples cured under the accelerated carbonation condition, the formation of HMCs not 713 

only enhanced the binding ability of the matrix, but also provided a filler effect. This 714 

improvement led to a reduction in the pore size, resulting in a significant improvement in their 715 

compressive strengths compared with the ambient-cured samples (58 vs. 10 MPa). Exposure 716 

to a temperature of 50 oC stimulated the hydration of the remaining MgO to provide an 717 

increased amount of brucite. The reaction between dissolved CO2 and Mg(OH)2(aq,s) improved 718 

the morphology of HMCs, which resulted in a further increase in the compressive strength from 719 

58 MPa to 65 MPa. Despite the additional formation of brucite at 100-300 oC, the dehydration 720 

and decarbonation of HMCs, and the associated cracking led to a slight reduction in the 721 

compressive strength of the heated samples from 58 to 56 MPa. The dehydration and 722 

decarbonation of HMCs were associated with the transformation of nesquehonite and 723 

hydromagnesite to artinite at temperatures of 100-400 oC. The presence of HMCs, forming 724 

protective layers around brucite, acted as a physical barrier and decreased its dehydroxylation 725 

rate. The strong decarbonation of the carbonated samples at 400 oC led to the loss of HMCs 726 

and an increase in the pore size from 0.02-0.03 μm to 0.3-0.7 μm, which resulted in a significant 727 



reduction in compressive strength from 58 MPa to 8 MPa as well as the loss of nanoindentation 728 

modulus from 17.6 GPa to 2.6 GPa based on frequency plot deconvolution. 729 

 730 

The work contributes to unraveling the mechanical and microstructural performance of 731 

composites produced with reactive magnesium oxide cement (RMC) under high temperatures 732 

or simulated fire scenarios.  Based on the obtained results, it follows that despite the 733 

compositional and morphological changes observed at high temperatures, RMC-based 734 

composites cured under ambient and accelerated conditions remain mechanically stable 735 

without a significant reduction in performance at temperatures as high as 300 oC (i.e. when 736 

heated for up to 2 hours at 10 oC/min). These findings highlight the stability of RMC-based 737 

concrete under extreme operating conditions. Also, improved fire resistance of the composites 738 

may be achieved by including nucleation materials or carbonation agents to preferentially form 739 

more stable HMCs. The incorporation of microfibres is also postulated to enhance the structural 740 

stability by delaying the cracking initiation within the carbonation products. These topics have 741 

been completed [25, 90] or are being investigated by the co-authors.  742 
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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 Compositions of RMC-based concrete used in this study. 

 

 

Solution/RMC Mix proportion (kg) 

RMC Aggregates  (CH3COO)2Mg 

0.1M solution 

0.65 550.0 1050.0 357.5 

 



Table 3 MgO content within each sample, obtained by XRD. 

 

 

Sample MgO (%) 

 

 

 

Amb 

T30 54.7 

T50 50.2 

T100 48.7 

T200 49.1 

T300 64.4 

T400 81.7 

 

 

 

C20 

T30 36.6 

T50 35.8 

T100 34.2 

T200 35.0 

T300 59.6 

T400 69.5 

 



Table 4 Mass losses of all samples, obtained by TGA. 

 

 

Sample 
Mass loss (wt.%)  

Dehydration Dehydroxylation Decarbonation Total 

Amb 

T30 2.6 21.5 4.7 28.8 

T50 2.4 22.6 4.6 29.6 

T100 1.8 23.2 4.5 29.5 

T200 1.4 21.7 4.6 27.7 

T300 1.2 21.6 4.6 27.4 

T400 1.0 14.7 4.1 19.8 

C20 

T30 9.6 22.8 6.4 38.8 

T50 9.2 23.0 5.7 37.9 

T100 7.4 25.6 5.0 38.0 

T200 3.9 24.6 4.9 33.3 

T300 2.9 23.9 4.6 31.4 

T400 2.2 13.3 4.3 19.8 
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Fig. 1 Compressive strength of concrete samples: (a) cured for up to 28 days and (b) heated for 2 

hours after 14 days of curing



 

  

 

Fig. 2 MIP pore size distribution of samples cured under (a) ambient and (b) accelerated 

carbonation conditions and heated at different temperatures
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Fig. 3 SEM images of samples after 14 days of ambient curing, followed by an exposure to: (a) 

30 oC, (b) 50 oC, (c) 100 oC, (d) 200 oC, (e) 300 oC and (f) 400 oC 
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Fig. 4 SEM images of sample after 14 days of 20% CO2 curing, followed by an exposure to: (a) 

30 oC, (b) 50 oC, (c) 100 oC, (d) 200 oC, (e) 300 oC and (f) 400 oC 
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Fig. 5 ESEM images of 14-day sample cured under 20% CO2 at different scanning temperatures: 

(a) 30 oC, (b) 50 oC, (c) 100 oC, (d) 200 oC, (e) 300 oC and (f) 400 oC 

Crack initiation region  



 

  

 

 

Fig. 6 FTIR spectra of samples cured under (a) ambient and (b) accelerated carbonation 

conditions heated at different temperatures 



 

 



 

Fig. 7 XRD patterns of concrete samples after heating, cured under: (a) ambient and (b) 20% 

CO2 conditions 



 

 

 

 

 

 

Fig. 8 TGA and DTG of samples after heating, cured under: (a) ambient and (b) 20% CO2 

conditions 



 

 

Fig. 9 Raman spectra with 600 g/mm detector of samples cured under (a) ambient and (b) 20% 

CO2 conditions and subjected to heating at 30 oC, 50 oC, 200 oC, and 400 oC for 2 hours 
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Fig. 10 Nanoindentation results of samples after ambient condition curing, followed by exposure 

to: (a) 30 oC, (b) 50 oC, (c) 100 oC, (d) 200 oC, (e) 300 oC, and (f) 400 oC 
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Fig. 11 Nanoindentation results of samples after 14 days of 20% CO2 curing, followed by 

exposure to (a) 30 oC, (b) 50 oC, (c) 100 oC, (d) 200 oC, (e) 300 oC, and (f) 400 oC 
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Fig. 12 Average elastic modulus based on the nanoindentation of heated samples after 14 days of 

curing under ambient and 20% CO2 conditions 
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