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Abstract: Development of alternative binder systems to be used in additive and automated 13 

manufacturing technologies is crucial for increasing the sustainability and productivity of the 14 

construction process. Advancements in this area facilitate shorter construction durations, 15 

enhanced resource efficiency and reduced construction waste; enabling complex, high-16 

quality and functional designs that would not be possible with traditional methods. The 17 

novelty of this work involves the demonstration of the properties of a promising alternative 18 

binder, reactive MgO-SiO2 (RMS) binder, that can highlight its feasibility to be used in large-19 

scale applications and the identification of the effects of different phosphate additives during 20 

this process. RMS mixes containing three different phosphate additives (sodium 21 

hexametaphosphate, trimetaphosphate and orthophosphate (OP)) were analyzed for their 22 

pH, reaction kinetics, workability, mechanical performance and rheological properties to 23 

reveal the influence of these additives on the properties of RMS mixes. These findings were 24 

supported by FTIR, 29Si MAS NMR and XRD measurements. The inclusion of OP in RMS binder 25 

systems increased the pH of solution, thereby improving the dissolution of silica and its 26 

reaction with Mg-phases and resulting in enhanced magnesium-silicate-hydrate (M-S-H) 27 

formation. These improvements in hydration mechanisms translated into better mechanical 28 

performance and rheological properties, which can correlate to desirable properties for 3D 29 

printing applications.  30 
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 33 

1. Introduction 34 

 35 

Considering the high CO2 emissions and energy use associated with the construction industry, 36 

there is a need to identify alternative building materials with lower environmental impacts. 37 

One potential alternative being considered is reactive magnesium oxide (MgO) cement (RMC), 38 

which requires lower calcination temperatures when compared to traditional Portland 39 

cement (PC) and can be obtained from waste resources such as reject brine [1-3]. The two 40 

main routes of strength development within RMC formulations have been defined as (i) the 41 

carbonation of RMC to form a range of hydrated magnesium carbonate (HMC) phases [4, 5] 42 

and (ii) its reaction with a silica source to form magnesium silicate hydrate (M-S-H) [3, 6-8]. 43 

The hydration of periclase (MgO) in the presence of added silica (SiO2) leads to the formation 44 

of a colloidal gel like structure, indicating the presence of M-S-H [9, 10]. Due to its ability to 45 

provide binding strength within a relatively low pH environment, M-S-H based binders have 46 

been considered for nuclear-waste-encapsulations or contaminant immobilization 47 

applications [11, 12]. 48 

 49 

The formation of M-S-H gel involves several reactions that initiate with the dissolution of MgO, 50 

precipitation of brucite and the reaction of Mg-phases with the hydrated silica to form M-S-51 

H [11]. The extent and degree of M-S-H formation depends on the availability of Mg2+ and OH- 52 

to react with the dissolved silica, influenced by factors such as the initial pH of the solution. 53 

Recent studies [1, 8, 13, 14] have indicated that the precipitation of M-S-H can be significantly 54 

affected by the use of phosphate admixtures such as sodium hexametaphosphate (Na6O18P6, 55 

HMP). This precipitation influences the retardation/acceleration of setting times and 56 

hardening of reactive MgO-SiO2 (RMS), which can serve as an alternative binder with 57 

cementing properties. Accordingly, controlling the reaction rates can enable the achievement 58 

of the desired workability and performance without increasing the water/binder (w/b) ratio. 59 

 60 

While various admixtures are used to enhance the properties of PC-based mixes [15-18] the 61 

main superplasticizer that has been used in RMS-based mixes so far is HMP, which was shown 62 

to improve the fresh properties of the resulting mixes [6, 19, 20]. The inclusion of a small 63 

amount of HMP in RMS systems was shown to inhibit the formation of brucite during the 64 
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hydrolysis of MgO, without suppressing the formation of M-S-H [20]. While this modification 65 

can significantly alter the fresh properties of RMS mixes by inducing different reaction 66 

pathways, the effect of different phosphate additives on the fresh and hardened properties 67 

of RMS systems has not been studied in detail until now. One potential application, in which 68 

these additives would play a key role is 3D printed concrete. Previous studies explored the 69 

use of faster vertical building rates by predicting the print speed and vertical filament height 70 

in 3D printing [21]. Production of different building components via the use of 3D printing 71 

could not only contribute to construction productivity but also increase the quality of the final 72 

products, meanwhile offering higher geometrical freedom, efficient use of natural resources, 73 

and higher cost-efficiency and universality [22]. 74 

 75 

One of the main factors to consider during the development of a printable cementitious mix 76 

is the optimization of its thixotropic properties so that the final mix can be easily extruded 77 

during the printing process, while it maintains its original shape and bears the load of the 78 

subsequent layers without any deformation after deposition. The shape retention capacity is 79 

not only a prerequisite for surface aesthetics of the printed layers but also a requirement for 80 

structural buildability [23]. Accordingly, several factors such as the mix design and chemical 81 

and physical interaction amongst the mix components influence this property. One factor to 82 

consider is the flocculation effect of the powder particles within the prepared formulations. 83 

The links between the particles can be broken under shearing, which can then be re-84 

established once the material is at rest [24, 25]. In this respect, the properties of the binder 85 

and any additives (e.g. admixtures) used as a part of the mix design and their effect on the 86 

flowability of the resulting concrete formulations play a major role in the 3D printing process 87 

[26, 27]. 88 

 89 

The binders that are preferred for 3D printing applications are semi-stiff at rest but start to 90 

flow when agitated [28]. Further research also focused on the use of supplementary 91 

cementitious materials (SCMs) [29] and fiber reinforcement [30, 31] to impart the required 92 

yield strength and mechanical performance of 3D printed concrete composites. While 93 

previous studies [32] looked into the potential use of RMC in 3D printing via the inclusion of 94 

various additives to maintain a sufficient flowability during printing and the adjustment of the 95 

extrusion pressure, the feasibility of RMS systems to be used in 3D printing applications has 96 
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not been investigated until now. When compared to PC, RMS systems possess similar 97 

hydration mechanisms and kinetics, which could present an advantage by enabling the 98 

printing of complex structures that could gain strength without the need for any special curing 99 

conditions, as those usually required by RMC systems. While the pH of RMS systems is 100 

generally lower than PC systems, alternative reinforcements (e.g. natural and synthetic fibers) 101 

could be successfully integrated into the mix design. In this respect, previous and ongoing 102 

studies [33]-[34, 35] have demonstrated the incorporation of non-metallic (e.g. polyvinyl 103 

alcohol (PVA)) and cellulosic fibers as a feasible option to widen possible application areas of 104 

RMC and RMS systems. 105 

 106 

The novelty of the work presented in this paper involves the demonstration of the effect of 107 

different additives on the reaction kinetics that led to improved rheological parameters and 108 

mechanical performance, desirable properties for 3D printing applications. Differing from the 109 

existing studies on RMS mixes, the role of various phosphate additives such as sodium 110 

hexametaphosphate (Na6O18P6, HMP), sodium trimetaphosphate (Na3O9 P3, TMP) and sodium 111 

orthophosphate (Na3O4P, OP) on the factors influencing the rheology (e.g. structural 112 

evolution and viscoelasticity) of RMS systems was highlighted. This was achieved via the 113 

measurement of flow, pH, heat of hydration, strength, which was further supported by a 114 

detailed microstructural assessment to identify the changes in phase formations within the 115 

prepared mixes. 116 

 117 

 118 

2. Materials and Methodology 119 

 120 

2.1 Materials and sample preparation 121 

 122 

RMC was supplied by Richard Baker Harrison (UK), whereas Microsilica (MS) was provided by 123 

Elkem (Singapore). Table 1 shows the chemical compositions of these materials. Their particle 124 

size distributions (PSD), displayed in Fig. 1, were obtained via a Malvern Mastersizer 2000. 125 

Out of the superplasticizers used in the prepared mixes, HMP was supplied by VWR 126 

International (Singapore); whereas OP and TMP were supplied by Sigma Aldrich (Singapore). 127 

 128 



5 
 

Three types of RMS mixes were prepared, containing equal parts (50/50) of RMC and MS by 129 

mass. The w/b ratio of all mixes was kept constant at 0.4. All the phosphate additives (HMP, 130 

OP and TMP) were included at a fixed ratio of 1% by mass of binder to enable their direct 131 

comparison. The mixtures were prepared according to ASTM C 305 specifications. All the 132 

additives were pre-mixed for about 60 s before their introduction into the binder [36]. Mixing 133 

was continued until a thorough workable paste was obtained, which was then cast into 134 

50×50×50 mm cubic specimens and cured under sealed conditions (30±1°C, RH 95±1%) for 28 135 

days. 136 

 137 

 138 

 Fig. 1 Particle size distribution of RMC and MS 139 

 140 

 141 

2.2 Methodology 142 

 143 

2.2.1 Measurement of pH, flow, calorimetry and compressive strength 144 

 145 

The pH measurements of the respective samples after 3, 7 and 28 days of curing were 146 

performed by a Mettler Toledo pH meter, with an accuracy of ±0.01. The sample fractions 147 

were mixed, after which they settled in distilled water at a ratio of 1:10, before testing. All pH 148 

measurements were conducted in triplicates and the average values were recorded. 149 

 150 

The flow test was carried out immediately after mixing, according to ASTM C1437-07 [37]. As 151 

a part of the initial step, each paste was placed in a conical brass mold, with a uniform tamping 152 
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of 20 times/layer. Once each paste was placed in the mold uniformly, the mold was removed 153 

to start the manually controlled flow table test. The pastes are allowed to vibrate as the table 154 

dropped from a height of 12.5 mm. The dropping procedure was repeated 25 times within 15 155 

s and the average flow was calculated as a result of four diameter measurements taken at 156 

equally spaced intervals. 157 

 158 

The heat generated during the hydration of the prepared samples was monitored for the first 159 

3 days with an I-Cal 8000 calorimeter, in line with ASTM C1702-15A [38]. The internal 160 

temperature was stabilized at 26°C before placing the samples in the calorimeter. The 161 

preparation and placement of samples inside the chamber were done as quickly as possible 162 

to avoid any delays in measurement. 163 

 164 

The compressive strength data were generated by testing samples in triplicates obtained by 165 

using a uniaxial Toni Technik frame, at a loading rate of 55 kN/min, according to ASTM 166 

C109/C109M-16A [39]. 167 

 168 

 169 

2.2.2 Microstructural characterisation 170 

 171 

Fragments collected from each sample after 24 h and 3 d of curing were studied further via 172 

attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR), magic angle 173 

spinning nuclear magnetic resonance (MAS NMR) and x-ray diffraction (XRD) analyses. For all 174 

microstructural observations, samples were stored in a solvent exchange solution (i.e. 175 

isopropanol) for 3 d to accurately analyze the extent of hydration at a given point. The 176 

powders were ground to achieve a particle size of < 75 µm before further analysis. 177 

 178 

ATR-FTIR, at a scan range between 650 and 4000 cm-1, was completed via a spectrometer 179 

manufactured by Perkin Elmer, at a resolution of 4 cm-1. The attenuated wave was measured 180 

by establishing a good contact between the instrument surface and the powdered specimen. 181 

 182 

29Si MAS NMR experiments were performed on a Bruker Advance III HD 600 spectrometer 183 

(14.1 T) using a 4 mm zirconia rotor, with a spinning speed of 10 kHz. Spectra were acquired 184 
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at 119.24 MHz with a 90° pulse of 4 μs, recycle delay of 60 s and 700 scans. The chemical shifts 185 

were externally referenced to tetraethoxysilane (TEOS) at -82.04 ppm. The deconvolutions of 186 

the spectra were conducted using the minimum numbers of component peaks to describe 187 

the spectra. The spectra were fitted by using Gaussian-Lorentzian Sum function with mainly 188 

Gaussian for Q3 and Q4 peaks and mainly Lorentzian for Q1 and Q2 peaks as described in [10, 189 

40], where Q referred to tetrahedrally coordinated silicon and the superscripts represented 190 

the number of siloxane bridges. Constant peak shapes and widths for each identified species 191 

were maintained throughout the deconvolution process. 192 

 193 

The XRD data, obtained by a D8 Advance Bruker device, were collected for samples cured for 194 

1 and 3 d. The analysis took place at 0.02° 2θ per step, within a range of 10°-70° 2θ. The 195 

quantification of crystalline hydration products was performed via an external standard 196 

method as suggested in Scrivener, Snellings and Lothenbach [41]. The amorphous content 197 

was determined through an iterative Rietveld-PONCKS [42] with TOPAS software (Bruker, 198 

release 5.0). 199 

 200 

 201 

2.2.3 Structural evolution and viscoelasticity  202 

 203 

The structural evolution of RMS mixes was characterized using the storage modulus and 204 

phase angle. A Thermo Haake Mars-III rheometer with rotational parallel plates was used to 205 

carry out the rheological measurements. The adopted disc diameter was 20 mm and the gap 206 

between the plates was maintained at 1 mm. To eradicate possible gap positioning shifts, the 207 

poured samples were pre-sheared at a rotational speed of 100/s for 30 s. Throughout the test, 208 

the temperature of the testing setup was maintained at 20±0.5°C. Strain sweep test was 209 

conducted at a strain amplitude ranging from 0.001% to 10%, with a constant frequency of 2 210 

Hz to determine the changes in the linear viscoelastic region. The rheological parameters 211 

adopted during this testing were similar to those used in previous studies for the assessment 212 

of the structural recovery of cementitious systems [43-45]. Upon the completion of 213 

rheological measurements, the pastes between the plates were closely monitored to ensure 214 

there were no signs of bleeding or excessive agglomeration. 215 

 216 
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 217 

3. Results and Discussion 218 

 219 

3.1 pH 220 

 221 

Fig. 2 indicates the pH values of pure RMS as well as RMS samples containing HMP, OP and 222 

TMP. The pH of aqueous solutions containing these individual phosphate additives were 223 

recorded as 8.36, 8.75 and 12.14 for TMP, HMP and OP, respectively. The initial (i.e. at 0 d) 224 

pH values for RMS, RMS-TMP, RMS-HMP and RMS-OP samples were measured as 10.9, 11.3, 225 

11.6 and 11.9, respectively. Measured at 72 h, a decline in the pH was observed, resulting in 226 

a much lower pH for RMS (9.3) when compared to those of RMS-TMP (10.1), RMS-HMP (10.3) 227 

and RMS-OP (11.1) samples. 228 

 229 

The higher pH at initial stages was associated with the dissolution of silica, which further 230 

reacted with Mg2+ ions to form M-S-H [46]. A gradual decrease in the pH of all samples was 231 

observed over time, although this decline was much faster during the first 7 days, indicating 232 

that a majority of the dissolution and precipitation took place during this period. The initial 233 

decline in pH was associated with the precipitation of brucite, followed by its reaction with 234 

silica to form M-S-H [2, 13]. 235 

 236 

The differences in the pH values of RMS mixes containing different phosphate additives in 237 

comparison to the control mix (RMS) were linked with the adsorption of PO4
3- on the MgO 238 

surface [20, 46]. The higher pH values revealed by the RMS-OP mix when compared to RMS-239 

HMP, RMS-TMP and RMS mixes at all durations could be an indication of the increased silica 240 

dissolution and its subsequent reaction with Mg-phases, possibly resulting in the enhanced 241 

precipitation of M-S-H in RMS-OP mixes. 242 

 243 
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 244 

Fig. 2 pH of all samples measured over a period of 28 d 245 

 246 

 247 

3.2 Workability 248 

 249 

The influence of each of the different phosphate additives on the fluidity of RMS formulations 250 

was investigated via the use of the flow table test, as shown in Fig. 3. Amongst the three 251 

phosphate additives used in this study, RMS-TMP revealed the highest flow of 12.3 cm, 252 

followed by RMS-HMP at 11.8 cm. On the other hand, RMS-OP showed a 11.5 cm flow, which 253 

was comparable with the flow demonstrated by the control mix, RMS (11.2 cm). The 254 

variations in the flow values amongst these samples could be associated with the different 255 

adsorption rates of PO4
3- on the surfaces of MgO particles demonstrated by OP, HMP and 256 

TMP additives, which delayed the formation of Mg-based hydrate phases within RMS systems 257 

[47]. In line with the results obtained here, earlier studies on concrete 3D printing involving 258 

the use of limestone filler indicated a loss in workability [48], similar to the trend observed in 259 

RMS-HMP and RMS-TMP mixes. Alternatively, RMS-OP mixes demonstrated a consistent 260 

workability over time, which could present an advantage in 3D printing applications. 261 

 262 
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 263 

Fig. 3 Workability of all samples 264 

 265 

 266 

3.3 Heat of hydration 267 

 268 

Fig. 4(a) indicates the heat flow revealed by all mixes during the first 72 h of hydration. Unlike 269 

PC-based mixes, RMS mixes did not reveal a single hydration peak but rather a gradual 270 

increase in heat flow, resulting in wide curves, which could differ in line with the phosphate 271 

additive used, as could be seen during the first 72 h. A similar outcome was revealed by 272 

previous studies that looked into the hydration mechanisms of RMS mixes [6, 7]. When 273 

compared to the control mix (RMS), RMS-OP and RMS-HMP mixes demonstrated a significant 274 

amount of early dissolution, resulting in a higher amount of heat release during the initial 275 

stages. Amongst all mixes, RMS-OP, which also revealed the highest pH values at all times (Fig. 276 

2), achieved the largest heat flow. On the other hand, RMS mix revealed the least amount of 277 

heat, which was an indication of the limited dissolution and precipitation processes, in line 278 

with the findings of previous studies [7]. Although RMS-TMP mix demonstrated an increase 279 
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in its heat flow after ~30 h of hydration, the initial stage of reaction was dominated by a 280 

dormant period of limited heat flow. 281 

 282 

Fig. 4(b) shows the cumulative heat evolved in each mix during the 72 h of hydration. 283 

Following the trend observed in the heat flow measurements, the control mix (RMS) indicated 284 

the lowest exothermic output, which was an indication of its limited hydration in comparison 285 

to other mixes. Although its reaction rate started increasing after the first ~30 h, RMS-TMP 286 

mix revealed a similar heat release with the control mix, which was in line with their 287 

comparable pH values reported earlier. Differing from these two mixes, RMS-OP and RMS-288 

HMP achieved higher heat releases throughout the first 72 h of hydration, which could be an 289 

indication of the increased precipitation of hydrate phases such as M-S-H through the 290 

improved dissolution and reactivity of silica occurring in these mixes. Amongst all samples, 291 

the highest cumulative heat was revealed by the RMS-OP mix, which corresponded with the 292 

highest pH values demonstrated by this mix, enabling the enhancement of the hydration 293 

reaction. These findings were in line with those reported by earlier studies [46], where the 294 

increased precipitation of Mg-based hydrate phases in the presence of OP, as opposed to 295 

HMP and TMP, was observed. 296 

 297 

 298 

(a) 299 
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 300 

(b) 301 

Fig. 4 Isothermal calorimetry results for all samples during the first 72 h, showing the (a) 302 

heat flow and (b) cumulative heat curves 303 

 304 

 305 

3.4 Compressive strength 306 

 307 

The strength development of all mixes over a period of 28 d is shown in Fig. 5. A steady 308 

increase in strength displayed by all samples indicated the hydration progress during the 309 

assessment period. This improvement in the performance of RMS samples was associated 310 

with the formation of hydrate phases such as M-S-H, which contributed to the establishment 311 

of a dense and stable microstructure [3, 6, 7]. 312 

 313 

Starting with early ages, RMS-OP mix achieved the highest strengths amongst all samples, 314 

followed by RMS-HMP and RMS-TMP mixes. All mixes involving the use of phosphate 315 

additives demonstrated consistently higher strengths than the control mix (RMS) at all times. 316 

At early stages (3 d), the differences in strength were not as pronounced, during which most 317 

mixes revealed similar strengths. Accordingly, RMS-HMP and RMS-OP mixes revealed 318 

comparable strengths at 3 d (4.8 MPa vs. 5.2 MPa) and 7 d (20.7 MPa vs. 22.3 MPa). However, 319 
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the differences in the strength results grew further as the curing duration increased, resulting 320 

in a 28-d strength of 47.4 MPa for RMS-OP, which was 48% higher than the corresponding 321 

strength of the control mix (24.6 MPa). At the same curing duration (28 d), RMS-HMP and 322 

RMS-TMP mixes revealed strengths of 40.2 MPa and 31.2 MPa, respectively. 323 

 324 

The improved performance of the RMS-OP mix was associated with the enhancement of the 325 

hydration reaction in the presence of OP, as also confirmed earlier by the pH and isothermal 326 

calorimetry results. Earlier studies [49] demonstrated that a high compressive strength, along 327 

with rheological properties, were found to be influential in attaining a good dimensional 328 

accuracy in concrete 3D printing. Accordingly, early strength development, similar to those 329 

observed in RMS-OP and RMS-HMP mixes presented in this study, was also found to be critical 330 

in concrete 3D printing applications [50, 51]. When these factors were taken into account, the 331 

two best-performing mixes, RMS-OP and RMS-HMP, were chosen for further analysis leading 332 

up to their future potential use in 3D printing applications. 333 

 334 

 335 

Fig. 5 Compressive strengths of all samples after 3, 7 and 28 d of curing 336 

 337 

 338 

3.5 FTIR 339 

 340 
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The FTIR spectra of RMS-HMP and RMS-OP mixes are shown in Fig. 6. The evolution of 341 

functional groups in the hydrate phases were studied along the spectral range of 4000-900 342 

cm-1. All the mixes revealed information on the frequency of OH- vibrations at 3700-2800 cm-343 

1 [1, 52]. Accordingly, the sharp asymmetrical stretching at 3696 cm-1 corresponded to Mg-344 

OH in brucite, whereas OH- vibrations concerning structural hydroxyl groups in M-S-H were 345 

noticed at ~3300 cm-1 [7, 9]. When compared to 24 h, these vibrations increased at 3 d, 346 

indicating the formation of M-S-H gel. Amongst the two selected mixes, RMS-OP indicated a 347 

more extensive dip, which confirmed the increased formation of M-S-H within this mix. The 348 

result also paralleled to the earlier observations on M-S-H precipitation, which played a key 349 

role in the strength development of RMS formulations. 350 

 351 

The changes in the pH, which were associated with the introduction of different phosphate 352 

additives within these mixes, were expected to result in different silica configurations [53, 54]. 353 

Furthermore, these configurations could alter the viscosity of the mixes through the different 354 

extents of gelation occurring between various phases, including the reaction between 355 

silicates and the dissolved Mg2+ [55]. The silicate interactions could be revealed by 356 

investigating the main Si-O-Si band at 1300-800 cm-1. Accordingly, Figs. 7 and 8 show the 357 

deconvolution of the spectra within this range. These results revealed the differences in the 358 

peak width and relevant intensity patterns, which varied with the type of phosphate additive 359 

and curing duration. 360 

 361 

Fig. 7 clearly indicates an intensive silica dissolution (990-1050 cm-1 and 1100-1200 cm-1) 362 

occurring in the RMS-OP mix at as early as 24 h. The frequencies 1100-1200 cm-1 363 

corresponded to the asymmetrical external stretching vibrations (Q4) in Si-O-Si, whereas 990-364 

1050 cm-1 reflected the silica vibration (Q3) in M-S-H [10, 56]. At 3 d, the RMS-OP mix revealed 365 

an intensive silica bridging within these ranges, reflecting its ability to form M-S-H quicker 366 

than its counterpart. Fig. 8 shows the deconvolutions of Si-O-Si within the 800-1300 cm-1 367 

range, for which the corresponding peak locations are listed in Table 2. The black dotted lines 368 

indicate the original FTIR data, whereas the deconvoluted ones are shown in color. At 24 h, 369 

the deconvolution patterns of the RMS-HMP mix revealed a small amount of internal and 370 

external Si-O-Si stretching vibrations, confirming the dissolution of silica. 371 

 372 
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In addition to these vibrations, the RMS-OP mix displayed intensive patterns corresponding 373 

to the Q3 silica vibration in M-S-H, thereby indicating the improved precipitation of these 374 

hydrate phases [10]. Similarly, the deconvolution patterns revealed by the RMS-OP mix at 3 375 

d were more prominent and extensive than RMS-HMP. Accordingly, the higher wave number 376 

(1198 cm-1) and the extension of existing peaks indicated the formation of larger silicate 377 

structures within RMS-OP [54]. In general, the presence of OP is RMS formulations led to 378 

peaks with higher intensities and shifts in the peak locations toward higher wavelengths, 379 

hinting the increased formation of hydrate phases such as M-S-H . These changes occurring 380 

in the Si-O-Si region were accompanied with the structural evolution of M-S-H gel, which 381 

played a key role in the viscosity of RMS mixes. 382 

 383 

 384 

(a) 385 

 386 
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(b) 387 

Fig. 6 FTIR spectra of RMS-HMP and RMS-OP mixes at (a) 24 h and (b) 3 d 388 

 389 

 390 

 391 

(a) 392 

 393 

(b) 394 

Fig. 7 Absorbance spectra of the main bands showing Si-O-Si activity (800-1300 cm-1) in 395 

RMS-HMP and RMS-OP mixes at (a) 24 h and (b) 3 d 396 

 397 

 398 
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 399 

(a) 400 

 401 

 402 

 403 

(b) 404 

Fig. 8 Deconvolution of the FTIR spectra of the silicate region (800-1300 cm-1) in RMS-HMP 405 

and RMS-OP mixes at (a) 24 h and (b) 3 d 406 

 407 

 408 

3.6 NMR 409 

 410 

The 29Si MAS NMR spectra of RMS-HMP and RMS-OP mixes are shown in Fig. 9(a). The 411 

broadened peak at roughly -111 ppm and the shoulder at -101 ppm represented the fully 412 

condensed ((SiO)4Si) sites and the hydrated surface sites ((SiO)3SiOH) within the unreacted 413 

silica fume, respectively [9, 10]. The resonance in the range between -76 and -98 ppm 414 
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indicated the formation of M-S-H, which agreed with the previously reported spectra for 415 

synthetic M-S-H [57-59]. 416 

 417 

The 29Si MAS NMR spectra for both mixes were deconvoluted, an example of which (i.e. RMS-418 

OP mix at 3 d) is shown in Fig. 9(b). The chemical shifts and relative intensities of all mixes are 419 

summarized in Table. 3. The peak assignments were based on the information available for 420 

M-S-H in the literature [57-59] . The results revealed that the spectra primarily consisted of 421 

Q3 and Q2 silicate sites, with a small quantity of Q1, indicating the predominant layered silicate 422 

structure of M-S-H. The deconvolution of Q3 resonance exhibited two peaks with chemical 423 

shifts at roughly -92 ppm and -97 ppm, indicating the two slightly varied Si chemical 424 

environments. The major peak Q3(a) at -92 ppm was similar to the Q3 resonance typically 425 

identified in antigorite, while the smaller peak Q3(b) at -97 ppm was consistent with the Q3 426 

site environment reported for crystalline talc [9, 58]. 427 

 428 

The combination of FTIR and NMR results revealed the differences in the silicate 429 

connectivities within RMS-OP and RMS-HMP mixes, in which different phosphate additives 430 

were used. As seen from both analyses, the spectral details of the RMS-OP mix clearly 431 

indicated a different silica configuration. Within this mix, the shift in peak positions to larger 432 

ppm might be related with the higher pH values of RMS-OP (Fig. 2), which could have 433 

increased the amount of more negatively charged Si-O- groups that interacted with the 434 

positively charged Mg2+ ions. This has ultimately led to a higher amount of M-S-H precipitation 435 

in the RMS-OP mix when compared to all the other RMS formulations investigated in this 436 

study. 437 

 438 

 439 

(a) 440 
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 441 

 442 

(b) 443 

Fig. 9 (a) 29Si MAS NMR spectra of the RMS-HMP and RMS-OP mixes at 1 d and 3 d, and (b) 444 

deconvolution of the 29Si MAS spectrum (RMS-OP mix at 3 d) 445 

 446 

 447 

3.7 XRD 448 

 449 

The XRD patterns of RMS-HMP and RMS-OP mixes after 1 d and 3 d of curing are shown in Fig. 450 

10. Both mixes revealed the presence of unreacted MgO (i.e. main peaks at 42.9° and 62.3° 451 

2θ) as well as brucite (i.e. main peak at 38.1° 2θ), indicating the partial conversion of MgO 452 

into hydrate phases over time. Both mixes, irrespective of the phosphate additive included in 453 

their formulations, indicated the formation of similar phases, which was in line with the 454 

findings of previous studies [1-3, 8, 14]. However, the intensities of these phases varied, 455 

depending on the reactive capabilities of each phosphate additive used. Even after 1 d of 456 

curing, broad amorphous phases of M-S-H at around 33-40° and 58-62° 2θ, which were 457 

consistent with those reported in relevant previous literature [6, 7, 46], were observed in both 458 

mixes. The higher visibly of these peaks in the RMS-OP mix could explain its better 459 

performance [60, 61]. The amorphous hump at 33-40° 2θ for RMS-OP was more notable at 3 460 

d, which was accompanied with lower amounts of periclase and brucite than the RMS-HMP 461 

mix. 462 

 463 

These observations were confirmed by the quantification of these phases, shown in Table 4. 464 

Accordingly, both mixes revealed similar unreacted MgO and brucite contents at 1 d, whereas 465 



20 
 

RMS-OP contained a higher amount of M-S-H in comparison to RMS-HMP. Increasing the 466 

curing duration to 3 d led to a reduction in the unreacted MgO content in both formulations, 467 

which was accompanied with an increase in the M-S-H content. Similar to the trend observed 468 

at 1 d, RMS-OP revealed a higher M-S-H formation than RMS-HMP, whereas the brucite 469 

content in both mixes seemed to reduce over time. These observations were in line with the 470 

previous results [46], explaining the reduced formation of brucite formation in the presence 471 

of phosphate additives within RMS formulations. The quantification of amorphous phases 472 

revealed the decreased presence of amorphous silica (AmS), along with the increased 473 

formation of M-S-H in RMS-OP mixes. These phase quantities supported the FTIR and NMR 474 

observations, highlighting the increased precipitation of M-S-H over time and within RMS-OP 475 

mixes. 476 

 477 

 478 

Fig. 10 XRD patterns of RMS-HMP and RMS-OP mixes 479 

(Symbols: $: Periclase; #: Brucite; *: AmS; +: MSH) 480 

 481 

 482 



21 
 

3.8 Rheology 483 

 484 

Figs. 11 (a) and (b) show the evolution of storage modulus and phase angle of selected RMS 485 

mixes, respectively. The storage modulus of all mixes increased, whereas the phase angle 486 

measurements decreased when the paste was at rest. These patterns were in line with the 487 

findings reported by previous studies on PC-based mixes [24, 55]. In addition to the well-488 

established strong inter-particle interaction forces, others such as Brownian and inertial 489 

forces of particles in suspension also need to be considered. These interparticle forces often 490 

include steric repulsion, electrostatic or van der Waals forces, which contribute to flocculation 491 

when cementitious pastes are at rest [62]. 492 

 493 

Within the context of RMS mixes, individual cement particles are further held together via the 494 

links formed by hydrate phases such as M-S-H, increasing the stiffness and rigidity of the final 495 

sample. This action of consolidation in cement suspension often leads to an increased storage 496 

modulus and decreased phase angle. All mixes exhibited a steady increase in storage modulus 497 

with a steady decrease in phase angle, indicating transitions from viscous to elastic behavior 498 

as the analysis approached resting time (900 s). The percolation time (i.e. time when the 499 

storage modulus increases steadily or when phase angle stabilizes), was found to be higher in 500 

RMS-OP mixes. Accordingly, the addition of OP within RMS mixes drastically increased the 501 

storage modulus, resulting in a more elastic behavior when compared to other mixes. The 502 

phase angle measurements also reflected the more liquid-like consistencies of RMS and RMS-503 

HMP mixes, which led to a less elastic behavior than the RMS-OP mix. 504 

 505 

These observations could be explained by the increased Mg2+ and SiO3
2- interactions within 506 

the RMS-OP mix, as confirmed earlier by FTIR, NMR and XRD analyses. The higher pH of RMS-507 

OP led to a higher amount of SiO3
2- to react with free Mg2+, which further reduced the average 508 

distance between cement particles in suspension and increased the van der Waals forces, 509 

thereby enhancing the flocculation strength. This mechanism translated into a higher storage 510 

modulus and a lower phase angle, highlighting the higher elastic behavior of the RMS-OP mix 511 

when compared to other mixes, which could contribute to its ability to be used in 3D printing. 512 

 513 
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Fig. 12 shows the determination of the linear viscoelastic region (LVER) for the selected mixes. 514 

The LVER region extended to a critical strain value of 0.002% for the RMS-OP mix, while this 515 

value was 0.096% and 0.0005% for RMS and RMS-HMP mixes. Previous studies that involved 516 

the analysis of PC mixes by using the same instrumental parameters reported comparable 517 

critical strain values of ~0.004% [43, 63]. Furthermore, linear patterns of storage and loss 518 

modulus could be easily established with the adopted instrument parameters for the RMS-519 

OP mix in comparison to the RMS-HMP mix. Overall, the rheological measurements revealed 520 

that the use of OP in RMS mixes extended the LVER region, enabling a desirable control of 521 

paste stiffness and structural integrity that could contribute to their future use in 3D printing 522 

applications. Previous studies performed on concrete 3D printing [64] also highlighted the link 523 

between the storage modulus of various mixes and properties of printed layers. In this respect, 524 

the RMS-OP mix, which demonstrated a trend of increasing storage modulus, could offer 525 

enhanced shape retention capability and extrudability when used in additive manufacturing. 526 

 527 

 528 

(a) 529 

 530 

(b) 531 
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Fig. 11 Structural evolution of RMS mixes, showing the (a) storage modulus and (b) phase 532 

angle 533 

 534 

(a) 535 

 536 

(b) 537 

 538 
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(c) 539 

Fig. 12 Linear viscoelastic regions (LVER) of (a) RMS, (b) RMS-HMP and (c) RMS-OP mixes 540 

 541 

 542 

4. Conclusion 543 

 544 

This study aimed to develop RMS mixes with suitable properties for potential 3D printing 545 

applications. As a part of this goal, the influence of different phosphate additives (HMP, TMP 546 

and OP) on the reaction mechanisms and fresh and hardened properties of the developed 547 

formulations was evaluated. Out of the 3 superplasticizers used in this study, OP was 548 

identified as the most suitable additive for the production of mixes with enhanced hydration 549 

and associated performance. The obtained results highlighted that the use of OP in RMS 550 

formulations led to higher pH values than other additives, which improved the dissolution of 551 

silica and its subsequent reaction with Mg-phases, resulting in the enhanced formation of 552 

hydrate phases such as M-S-H. The RMS-OP mix also indicated a consistent workability and 553 

better compressive strength that can be translated into a good shape retention, dimensional 554 

accuracy and extrudability in 3D printing applications. Understanding the fresh paste 555 

reactions kinetics in depth and their influence on fresh and hardened properties can enable 556 

the efficient incorporation of additives that can play a major role in improving the printability 557 

of alternative binders. Further research on the optimization of mix design, curing conditions 558 

and printing parameters can lead to the production of sustainable mixes incorporating novel 559 

binders for large scale 3D printed applications. 560 

 561 
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List of Tables: 

 

Table 1 Chemical composition (%) of RMC and MS. 

 

 RMC MS 

MgO 91.5 0.9 

SiO2 2 >90 

CaO 1.6 - 

R2O3 1 - 

LOI - <3 
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Table 2 FTIR peak assignments for RMS, RMS-HMP and RMS-OP samples. 

 

Sample Wavenumber 

(cm-1) 

Assignment Reference 

RMS 1050-1070 Q3, Si-0-Si (non-bridging oxygen) internal 

stretching vibrations 

[56] 

1100-1200 Q4 asymmetrical Si-O-Si, external 

stretching vibrations 

[56] 

RMS-HMP 1050 Q3 Si-0-Si (non-bridging oxygen) internal 

stretching vibrations 

[56] 

1110 Q3 silica vibration in M-S-H [10] 

1100-1200 Q4 asymmetrical Si-O-Si, external 

stretching vibrations 

[56] 

RMS-OP 990 Q3 silica vibration in M-S-H [10] 

1110 Q3 silica vibration in M-S-H [10] 

1100-1200 Q4 asymmetrical Si-O-Si, external 

stretching vibrations 

[56] 
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Table 3 Chemical shifts (ppm) and relative intensities (%) of different Si sites obtained from 

the deconvolution of the 29Si MAS NMR spectra. 

 

Sample 

(age) 

Chemical shift, ppm (relative peak intensities, %) 
 

Total 

unreacted 

silica (%) 

M-S-H 
 

MS 
 

Q1 Q2 Q3(a) Q3(b) 
 

Q3 Q4 
 

RMS-HMP 

(1d) 

- -85.5 

(2.16) 

-91.5 

(2.55) 

- 
 

-100.9 

(12.8) 

-111.4 

(82.5) 

 
95.3 

RMS-HMP 

(3d) 

-79.8 

(7.0) 

-85.4 

(12.4) 

-91.6 

(8.3) 

-96.7 

(0.8) 

 
-100.9 

(12.8) 

-111.6 

(60.1) 

 
71.5 

RMS-OP 

(1d) 

-79.8 

(2.9) 

-85.5 

(9.9) 

-91.9 

(12.2) 

-96.5 

(1.1) 

 
-100.9 

(15.6) 

-111.5 

(58.2) 

 
73.8 

RMS-OP 

(3d) 

-79.8 

(10.3) 

-85.4 

(23.3) 

-91.9 

(25.8) 

-96.7 

(0.8) 

 
-100.9 

(8.8) 

-111.8 

(30.9) 

 
39.7 
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Table 4 Quantification of phases within RMS-HMP and RMS-OP mixes, obtained by XRD 

analysis. 

 

 Phase RMS-HMP 

(1d) 

RMS-OP 

(1d) 

RMS-HMP 

(3d) 

RMS-OP 

(3d) 

Periclase 55.9 55.6 53.4 50.3 

Brucite 7.9 6.5 5.2 3.5 

Magnesite  1.1 3.2 2.8 3.1 

AmS 33.0 28.5 28.2 24.5 

MSH 2.1 6.2 10.4 18.6 

 


