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Abstract: Development of alternative binder systems to be used in additive and automated
manufacturing technologies is crucial for increasing the sustainability and productivity of the
construction process. Advancements in this area facilitate shorter construction durations,
enhanced resource efficiency and reduced construction waste; enabling complex, high-
quality and functional designs that would not be possible with traditional methods. The
novelty of this work involves the demonstration of the properties of a promising alternative
binder, reactive Mg0-SiO, (RMS) binder, that can highlight its feasibility to be used in large-
scale applications and the identification of the effects of different phosphate additives during
this process. RMS mixes containing three different phosphate additives (sodium
hexametaphosphate, trimetaphosphate and orthophosphate (OP)) were analyzed for their
pH, reaction kinetics, workability, mechanical performance and rheological properties to
reveal the influence of these additives on the properties of RMS mixes. These findings were
supported by FTIR, 2°Si MAS NMR and XRD measurements. The inclusion of OP in RMS binder
systems increased the pH of solution, thereby improving the dissolution of silica and its
reaction with Mg-phases and resulting in enhanced magnesium-silicate-hydrate (M-S-H)
formation. These improvements in hydration mechanisms translated into better mechanical
performance and rheological properties, which can correlate to desirable properties for 3D

printing applications.
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1


mailto:Cise.Unluer@glasgow.ac.uk

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

1. Introduction

Considering the high CO; emissions and energy use associated with the construction industry,
there is a need to identify alternative building materials with lower environmental impacts.
One potential alternative being considered is reactive magnesium oxide (MgO) cement (RMC),
which requires lower calcination temperatures when compared to traditional Portland
cement (PC) and can be obtained from waste resources such as reject brine [1-3]. The two
main routes of strength development within RMC formulations have been defined as (i) the
carbonation of RMC to form a range of hydrated magnesium carbonate (HMC) phases [4, 5]
and (ii) its reaction with a silica source to form magnesium silicate hydrate (M-S-H) [3, 6-8].
The hydration of periclase (MgO) in the presence of added silica (SiOz) leads to the formation
of a colloidal gel like structure, indicating the presence of M-S-H [9, 10]. Due to its ability to
provide binding strength within a relatively low pH environment, M-S-H based binders have
been considered for nuclear-waste-encapsulations or contaminant immobilization

applications [11, 12].

The formation of M-S-H gel involves several reactions that initiate with the dissolution of MgO,
precipitation of brucite and the reaction of Mg-phases with the hydrated silica to form M-S-
H [11]. The extent and degree of M-S-H formation depends on the availability of Mg?*and OH"
to react with the dissolved silica, influenced by factors such as the initial pH of the solution.
Recent studies [1, 8, 13, 14] have indicated that the precipitation of M-S-H can be significantly
affected by the use of phosphate admixtures such as sodium hexametaphosphate (NagO1sPs,
HMP). This precipitation influences the retardation/acceleration of setting times and
hardening of reactive MgO-SiO2 (RMS), which can serve as an alternative binder with
cementing properties. Accordingly, controlling the reaction rates can enable the achievement

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

While various admixtures are used to enhance the properties of PC-based mixes [15-18] the
main superplasticizer that has been used in RMS-based mixes so far is HMP, which was shown
to improve the fresh properties of the resulting mixes [6, 19, 20]. The inclusion of a small

amount of HMP in RMS systems was shown to inhibit the formation of brucite during the

2



65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

hydrolysis of MgO, without suppressing the formation of M-S-H [20]. While this modification
can significantly alter the fresh properties of RMS mixes by inducing different reaction
pathways, the effect of different phosphate additives on the fresh and hardened properties
of RMS systems has not been studied in detail until now. One potential application, in which
these additives would play a key role is 3D printed concrete. Previous studies explored the
use of faster vertical building rates by predicting the print speed and vertical filament height
in 3D printing [21]. Production of different building components via the use of 3D printing
could not only contribute to construction productivity but also increase the quality of the final
products, meanwhile offering higher geometrical freedom, efficient use of natural resources,

and higher cost-efficiency and universality [22].

One of the main factors to consider during the development of a printable cementitious mix
is the optimization of its thixotropic properties so that the final mix can be easily extruded
during the printing process, while it maintains its original shape and bears the load of the
subsequent layers without any deformation after deposition. The shape retention capacity is
not only a prerequisite for surface aesthetics of the printed layers but also a requirement for
structural buildability [23]. Accordingly, several factors such as the mix design and chemical
and physical interaction amongst the mix components influence this property. One factor to
consider is the flocculation effect of the powder particles within the prepared formulations.
The links between the particles can be broken under shearing, which can then be re-
established once the material is at rest [24, 25]. In this respect, the properties of the binder
and any additives (e.g. admixtures) used as a part of the mix design and their effect on the
flowability of the resulting concrete formulations play a major role in the 3D printing process

[26, 27].

The binders that are preferred for 3D printing applications are semi-stiff at rest but start to
flow when agitated [28]. Further research also focused on the use of supplementary
cementitious materials (SCMs) [29] and fiber reinforcement [30, 31] to impart the required
yield strength and mechanical performance of 3D printed concrete composites. While
previous studies [32] looked into the potential use of RMC in 3D printing via the inclusion of
various additives to maintain a sufficient flowability during printing and the adjustment of the

extrusion pressure, the feasibility of RMS systems to be used in 3D printing applications has
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not been investigated until now. When compared to PC, RMS systems possess similar
hydration mechanisms and kinetics, which could present an advantage by enabling the
printing of complex structures that could gain strength without the need for any special curing
conditions, as those usually required by RMC systems. While the pH of RMS systems is
generally lower than PC systems, alternative reinforcements (e.g. natural and synthetic fibers)
could be successfully integrated into the mix design. In this respect, previous and ongoing
studies [33]-[34, 35] have demonstrated the incorporation of non-metallic (e.g. polyvinyl
alcohol (PVA)) and cellulosic fibers as a feasible option to widen possible application areas of

RMC and RMS systemes.

The novelty of the work presented in this paper involves the demonstration of the effect of
different additives on the reaction kinetics that led to improved rheological parameters and
mechanical performance, desirable properties for 3D printing applications. Differing from the
existing studies on RMS mixes, the role of various phosphate additives such as sodium
hexametaphosphate (NasO1gPs, HMP), sodium trimetaphosphate (Na3zOg P3, TMP) and sodium
orthophosphate (Naz0sP, OP) on the factors influencing the rheology (e.g. structural
evolution and viscoelasticity) of RMS systems was highlighted. This was achieved via the
measurement of flow, pH, heat of hydration, strength, which was further supported by a
detailed microstructural assessment to identify the changes in phase formations within the

prepared mixes.

2. Materials and Methodology

2.1 Materials and sample preparation

RMC was supplied by Richard Baker Harrison (UK), whereas Microsilica (MS) was provided by
Elkem (Singapore). Table 1 shows the chemical compositions of these materials. Their particle
size distributions (PSD), displayed in Fig. 1, were obtained via a Malvern Mastersizer 2000.
Out of the superplasticizers used in the prepared mixes, HMP was supplied by VWR

International (Singapore); whereas OP and TMP were supplied by Sigma Aldrich (Singapore).
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Three types of RMS mixes were prepared, containing equal parts (50/50) of RMC and MS by
mass. The w/b ratio of all mixes was kept constant at 0.4. All the phosphate additives (HMP,
OP and TMP) were included at a fixed ratio of 1% by mass of binder to enable their direct
comparison. The mixtures were prepared according to ASTM C 305 specifications. All the
additives were pre-mixed for about 60 s before their introduction into the binder [36]. Mixing
was continued until a thorough workable paste was obtained, which was then cast into
50x50x50 mm cubic specimens and cured under sealed conditions (30£1°C, RH 95+1%) for 28

days.

—RMC
——MS

Volume (%)

0 T T T T 1
0.1 1 10 100 1000 10000

Particle size (um)

Fig. 1 Particle size distribution of RMC and MS

2.2 Methodology

2.2.1 Measurement of pH, flow, calorimetry and compressive strength

The pH measurements of the respective samples after 3, 7 and 28 days of curing were
performed by a Mettler Toledo pH meter, with an accuracy of £0.01. The sample fractions
were mixed, after which they settled in distilled water at a ratio of 1:10, before testing. All pH

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

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

a part of the initial step, each paste was placed in a conical brass mold, with a uniform tamping
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of 20 times/layer. Once each paste was placed in the mold uniformly, the mold was removed
to start the manually controlled flow table test. The pastes are allowed to vibrate as the table
dropped from a height of 12.5 mm. The dropping procedure was repeated 25 times within 15
s and the average flow was calculated as a result of four diameter measurements taken at

equally spaced intervals.

The heat generated during the hydration of the prepared samples was monitored for the first
3 days with an I-Cal 8000 calorimeter, in line with ASTM C1702-15A [38]. The internal
temperature was stabilized at 26°C before placing the samples in the calorimeter. The
preparation and placement of samples inside the chamber were done as quickly as possible

to avoid any delays in measurement.

The compressive strength data were generated by testing samples in triplicates obtained by
using a uniaxial Toni Technik frame, at a loading rate of 55 kN/min, according to ASTM

C109/C109M-16A [39].

2.2.2 Microstructural characterisation

Fragments collected from each sample after 24 h and 3 d of curing were studied further via
attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR), magic angle
spinning nuclear magnetic resonance (MAS NMR) and x-ray diffraction (XRD) analyses. For all
microstructural observations, samples were stored in a solvent exchange solution (i.e.
isopropanol) for 3 d to accurately analyze the extent of hydration at a given point. The

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

ATR-FTIR, at a scan range between 650 and 4000 cm™, was completed via a spectrometer
manufactured by Perkin Elmer, at a resolution of 4 cm™. The attenuated wave was measured

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

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

(14.1 T) using a 4 mm zirconia rotor, with a spinning speed of 10 kHz. Spectra were acquired
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at 119.24 MHz with a 90° pulse of 4 us, recycle delay of 60 s and 700 scans. The chemical shifts
were externally referenced to tetraethoxysilane (TEOS) at -82.04 ppm. The deconvolutions of
the spectra were conducted using the minimum numbers of component peaks to describe
the spectra. The spectra were fitted by using Gaussian-Lorentzian Sum function with mainly
Gaussian for Q3 and Q* peaks and mainly Lorentzian for Q! and Q? peaks as described in [10,
40], where Q referred to tetrahedrally coordinated silicon and the superscripts represented
the number of siloxane bridges. Constant peak shapes and widths for each identified species

were maintained throughout the deconvolution process.

The XRD data, obtained by a D8 Advance Bruker device, were collected for samples cured for
1 and 3 d. The analysis took place at 0.02° 20 per step, within a range of 10°-70° 26. The
guantification of crystalline hydration products was performed via an external standard
method as suggested in Scrivener, Snellings and Lothenbach [41]. The amorphous content
was determined through an iterative Rietveld-PONCKS [42] with TOPAS software (Bruker,

release 5.0).

2.2.3 Structural evolution and viscoelasticity

The structural evolution of RMS mixes was characterized using the storage modulus and
phase angle. A Thermo Haake Mars-Ill rheometer with rotational parallel plates was used to
carry out the rheological measurements. The adopted disc diameter was 20 mm and the gap
between the plates was maintained at 1 mm. To eradicate possible gap positioning shifts, the
poured samples were pre-sheared at a rotational speed of 100/s for 30 s. Throughout the test,
the temperature of the testing setup was maintained at 20+0.5°C. Strain sweep test was
conducted at a strain amplitude ranging from 0.001% to 10%, with a constant frequency of 2
Hz to determine the changes in the linear viscoelastic region. The rheological parameters
adopted during this testing were similar to those used in previous studies for the assessment
of the structural recovery of cementitious systems [43-45]. Upon the completion of
rheological measurements, the pastes between the plates were closely monitored to ensure

there were no signs of bleeding or excessive agglomeration.
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3. Results and Discussion

3.1 pH

Fig. 2 indicates the pH values of pure RMS as well as RMS samples containing HMP, OP and
TMP. The pH of aqueous solutions containing these individual phosphate additives were
recorded as 8.36, 8.75 and 12.14 for TMP, HMP and OP, respectively. The initial (i.e. at 0 d)
pH values for RMS, RMS-TMP, RMS-HMP and RMS-OP samples were measured as 10.9, 11.3,
11.6 and 11.9, respectively. Measured at 72 h, a decline in the pH was observed, resulting in
a much lower pH for RMS (9.3) when compared to those of RMS-TMP (10.1), RMS-HMP (10.3)
and RMS-OP (11.1) samples.

The higher pH at initial stages was associated with the dissolution of silica, which further
reacted with Mg?*ions to form M-S-H [46]. A gradual decrease in the pH of all samples was
observed over time, although this decline was much faster during the first 7 days, indicating
that a majority of the dissolution and precipitation took place during this period. The initial
decline in pH was associated with the precipitation of brucite, followed by its reaction with

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

The differences in the pH values of RMS mixes containing different phosphate additives in
comparison to the control mix (RMS) were linked with the adsorption of PO4*> on the MgO
surface [20, 46]. The higher pH values revealed by the RMS-OP mix when compared to RMS-
HMP, RMS-TMP and RMS mixes at all durations could be an indication of the increased silica
dissolution and its subsequent reaction with Mg-phases, possibly resulting in the enhanced

precipitation of M-S-H in RMS-OP mixes.
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Fig. 2 pH of all samples measured over a period of 28 d

3.2 Workability

The influence of each of the different phosphate additives on the fluidity of RMS formulations
was investigated via the use of the flow table test, as shown in Fig. 3. Amongst the three
phosphate additives used in this study, RMS-TMP revealed the highest flow of 12.3 cm,
followed by RMS-HMP at 11.8 cm. On the other hand, RMS-OP showed a 11.5 cm flow, which
was comparable with the flow demonstrated by the control mix, RMS (11.2 c¢cm). The
variations in the flow values amongst these samples could be associated with the different
adsorption rates of PO4> on the surfaces of MgO particles demonstrated by OP, HMP and
TMP additives, which delayed the formation of Mg-based hydrate phases within RMS systems
[47]. In line with the results obtained here, earlier studies on concrete 3D printing involving
the use of limestone filler indicated a loss in workability [48], similar to the trend observed in
RMS-HMP and RMS-TMP mixes. Alternatively, RMS-OP mixes demonstrated a consistent

workability over time, which could present an advantage in 3D printing applications.
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Fig. 3 Workability of all samples

3.3 Heat of hydration

Fig. 4(a) indicates the heat flow revealed by all mixes during the first 72 h of hydration. Unlike
PC-based mixes, RMS mixes did not reveal a single hydration peak but rather a gradual
increase in heat flow, resulting in wide curves, which could differ in line with the phosphate
additive used, as could be seen during the first 72 h. A similar outcome was revealed by
previous studies that looked into the hydration mechanisms of RMS mixes [6, 7]. When
compared to the control mix (RMS), RMS-OP and RMS-HMP mixes demonstrated a significant
amount of early dissolution, resulting in a higher amount of heat release during the initial
stages. Amongst all mixes, RMS-OP, which also revealed the highest pH values at all times (Fig.
2), achieved the largest heat flow. On the other hand, RMS mix revealed the least amount of
heat, which was an indication of the limited dissolution and precipitation processes, in line

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

dormant period of limited heat flow.

Fig. 4(b) shows the cumulative heat evolved in each mix during the 72 h of hydration.
Following the trend observed in the heat flow measurements, the control mix (RMS) indicated
the lowest exothermic output, which was an indication of its limited hydration in comparison
to other mixes. Although its reaction rate started increasing after the first ~30 h, RMS-TMP
mix revealed a similar heat release with the control mix, which was in line with their
comparable pH values reported earlier. Differing from these two mixes, RMS-OP and RMS-
HMP achieved higher heat releases throughout the first 72 h of hydration, which could be an
indication of the increased precipitation of hydrate phases such as M-S-H through the
improved dissolution and reactivity of silica occurring in these mixes. Amongst all samples,
the highest cumulative heat was revealed by the RMS-OP mix, which corresponded with the
highest pH values demonstrated by this mix, enabling the enhancement of the hydration
reaction. These findings were in line with those reported by earlier studies [46], where the
increased precipitation of Mg-based hydrate phases in the presence of OP, as opposed to

HMP and TMP, was observed.
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Fig. 4 Isothermal calorimetry results for all samples during the first 72 h, showing the (a)

heat flow and (b) cumulative heat curves

3.4 Compressive strength

The strength development of all mixes over a period of 28 d is shown in Fig. 5. A steady
increase in strength displayed by all samples indicated the hydration progress during the
assessment period. This improvement in the performance of RMS samples was associated
with the formation of hydrate phases such as M-S-H, which contributed to the establishment

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

Starting with early ages, RMS-OP mix achieved the highest strengths amongst all samples,
followed by RMS-HMP and RMS-TMP mixes. All mixes involving the use of phosphate
additives demonstrated consistently higher strengths than the control mix (RMS) at all times.
At early stages (3 d), the differences in strength were not as pronounced, during which most
mixes revealed similar strengths. Accordingly, RMS-HMP and RMS-OP mixes revealed

comparable strengths at 3 d (4.8 MPa vs. 5.2 MPa) and 7 d (20.7 MPa vs. 22.3 MPa). However,

12
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the differences in the strength results grew further as the curing duration increased, resulting
in a 28-d strength of 47.4 MPa for RMS-OP, which was 48% higher than the corresponding
strength of the control mix (24.6 MPa). At the same curing duration (28 d), RMS-HMP and
RMS-TMP mixes revealed strengths of 40.2 MPa and 31.2 MPa, respectively.

The improved performance of the RMS-OP mix was associated with the enhancement of the
hydration reaction in the presence of OP, as also confirmed earlier by the pH and isothermal
calorimetry results. Earlier studies [49] demonstrated that a high compressive strength, along
with rheological properties, were found to be influential in attaining a good dimensional
accuracy in concrete 3D printing. Accordingly, early strength development, similar to those
observed in RMS-OP and RMS-HMP mixes presented in this study, was also found to be critical
in concrete 3D printing applications [50, 51]. When these factors were taken into account, the
two best-performing mixes, RMS-OP and RMS-HMP, were chosen for further analysis leading

up to their future potential use in 3D printing applications.
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Fig. 5 Compressive strengths of all samples after 3, 7 and 28 d of curing
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The FTIR spectra of RMS-HMP and RMS-OP mixes are shown in Fig. 6. The evolution of
functional groups in the hydrate phases were studied along the spectral range of 4000-900
cm. All the mixes revealed information on the frequency of OH- vibrations at 3700-2800 cm-
111, 52]. Accordingly, the sharp asymmetrical stretching at 3696 cm™ corresponded to Mg-
OH in brucite, whereas OH" vibrations concerning structural hydroxyl groups in M-S-H were
noticed at ~3300 cm™ [7, 9]. When compared to 24 h, these vibrations increased at 3 d,
indicating the formation of M-S-H gel. Amongst the two selected mixes, RMS-OP indicated a
more extensive dip, which confirmed the increased formation of M-S-H within this mix. The
result also paralleled to the earlier observations on M-S-H precipitation, which played a key

role in the strength development of RMS formulations.

The changes in the pH, which were associated with the introduction of different phosphate
additives within these mixes, were expected to result in different silica configurations [53, 54].
Furthermore, these configurations could alter the viscosity of the mixes through the different
extents of gelation occurring between various phases, including the reaction between
silicates and the dissolved Mg?* [55]. The silicate interactions could be revealed by
investigating the main Si-O-Si band at 1300-800 cm™. Accordingly, Figs. 7 and 8 show the
deconvolution of the spectra within this range. These results revealed the differences in the
peak width and relevant intensity patterns, which varied with the type of phosphate additive

and curing duration.

Fig. 7 clearly indicates an intensive silica dissolution (990-1050 cm™ and 1100-1200 cm?)
occurring in the RMS-OP mix at as early as 24 h. The frequencies 1100-1200 cm
corresponded to the asymmetrical external stretching vibrations (Q?) in Si-O-Si, whereas 990-
1050 cm™ reflected the silica vibration (Q3) in M-S-H [10, 56]. At 3 d, the RMS-OP mix revealed
an intensive silica bridging within these ranges, reflecting its ability to form M-S-H quicker
than its counterpart. Fig. 8 shows the deconvolutions of Si-O-Si within the 800-1300 cm
range, for which the corresponding peak locations are listed in Table 2. The black dotted lines
indicate the original FTIR data, whereas the deconvoluted ones are shown in color. At 24 h,
the deconvolution patterns of the RMS-HMP mix revealed a small amount of internal and

external Si-O-Si stretching vibrations, confirming the dissolution of silica.
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In addition to these vibrations, the RMS-OP mix displayed intensive patterns corresponding
to the Q3 silica vibration in M-S-H, thereby indicating the improved precipitation of these
hydrate phases [10]. Similarly, the deconvolution patterns revealed by the RMS-OP mix at 3
d were more prominent and extensive than RMS-HMP. Accordingly, the higher wave number
(1198 cm™?) and the extension of existing peaks indicated the formation of larger silicate
structures within RMS-OP [54]. In general, the presence of OP is RMS formulations led to
peaks with higher intensities and shifts in the peak locations toward higher wavelengths,
hinting the increased formation of hydrate phases such as M-S-H . These changes occurring
in the Si-O-Si region were accompanied with the structural evolution of M-S-H gel, which

played a key role in the viscosity of RMS mixes.
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387

(b)
388 Fig. 6 FTIR spectra of RMS-HMP and RMS-OP mixes at (a) 24 hand (b) 3d
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405 Fig. 8 Deconvolution of the FTIR spectra of the silicate region (800-1300 cm) in RMS-HMP
406 and RMS-OP mixes at (a) 24 hand (b) 3 d

407

408

409 3.6 NMR

410

411  The 2°Si MAS NMR spectra of RMS-HMP and RMS-OP mixes are shown in Fig. 9(a). The
412  broadened peak at roughly -111 ppm and the shoulder at -101 ppm represented the fully
413  condensed ((Si0)4Si) sites and the hydrated surface sites ((SiO)3:SiOH) within the unreacted

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

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

The 2°Si MAS NMR spectra for both mixes were deconvoluted, an example of which (i.e. RMS-
OP mix at 3 d) is shown in Fig. 9(b). The chemical shifts and relative intensities of all mixes are
summarized in Table. 3. The peak assignments were based on the information available for
M-S-H in the literature [57-59] . The results revealed that the spectra primarily consisted of
Q3and Q?silicate sites, with a small quantity of Q%, indicating the predominant layered silicate
structure of M-S-H. The deconvolution of Q3 resonance exhibited two peaks with chemical
shifts at roughly -92 ppm and -97 ppm, indicating the two slightly varied Si chemical
environments. The major peak Q3(a) at -92 ppm was similar to the Q3 resonance typically
identified in antigorite, while the smaller peak Q3(b) at -97 ppm was consistent with the Q3

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

The combination of FTIR and NMR results revealed the differences in the silicate
connectivities within RMS-OP and RMS-HMP mixes, in which different phosphate additives
were used. As seen from both analyses, the spectral details of the RMS-OP mix clearly
indicated a different silica configuration. Within this mix, the shift in peak positions to larger
ppm might be related with the higher pH values of RMS-OP (Fig. 2), which could have
increased the amount of more negatively charged Si-O" groups that interacted with the
positively charged Mg?*ions. This has ultimately led to a higher amount of M-S-H precipitation
in the RMS-OP mix when compared to all the other RMS formulations investigated in this

study.
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Fig. 9 (a) 2°Si MAS NMR spectra of the RMS-HMP and RMS-OP mixes at 1 d and 3 d, and (b)
deconvolution of the 2°Si MAS spectrum (RMS-OP mix at 3 d)

3.7 XRD

The XRD patterns of RMS-HMP and RMS-OP mixes after 1 d and 3 d of curing are shown in Fig.
10. Both mixes revealed the presence of unreacted MgO (i.e. main peaks at 42.9° and 62.3°
20) as well as brucite (i.e. main peak at 38.1° 20), indicating the partial conversion of MgO
into hydrate phases over time. Both mixes, irrespective of the phosphate additive included in
their formulations, indicated the formation of similar phases, which was in line with the
findings of previous studies [1-3, 8, 14]. However, the intensities of these phases varied,
depending on the reactive capabilities of each phosphate additive used. Even after 1 d of
curing, broad amorphous phases of M-S-H at around 33-40° and 58-62° 26, which were
consistent with those reported in relevant previous literature [6, 7, 46], were observed in both
mixes. The higher visibly of these peaks in the RMS-OP mix could explain its better
performance [60, 61]. The amorphous hump at 33-40° 26 for RMS-OP was more notable at 3
d, which was accompanied with lower amounts of periclase and brucite than the RMS-HMP

mix.

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

Accordingly, both mixes revealed similar unreacted MgO and brucite contents at 1 d, whereas
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482

RMS-OP contained a higher amount of M-S-H in comparison to RMS-HMP. Increasing the
curing duration to 3 d led to a reduction in the unreacted MgO content in both formulations,
which was accompanied with an increase in the M-S-H content. Similar to the trend observed
at 1 d, RMS-OP revealed a higher M-S-H formation than RMS-HMP, whereas the brucite
content in both mixes seemed to reduce over time. These observations were in line with the
previous results [46], explaining the reduced formation of brucite formation in the presence
of phosphate additives within RMS formulations. The quantification of amorphous phases
revealed the decreased presence of amorphous silica (AmS), along with the increased
formation of M-S-H in RMS-OP mixes. These phase quantities supported the FTIR and NMR
observations, highlighting the increased precipitation of M-S-H over time and within RMS-OP

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

Figs. 11 (a) and (b) show the evolution of storage modulus and phase angle of selected RMS
mixes, respectively. The storage modulus of all mixes increased, whereas the phase angle
measurements decreased when the paste was at rest. These patterns were in line with the
findings reported by previous studies on PC-based mixes [24, 55]. In addition to the well-
established strong inter-particle interaction forces, others such as Brownian and inertial
forces of particles in suspension also need to be considered. These interparticle forces often
include steric repulsion, electrostatic or van der Waals forces, which contribute to flocculation

when cementitious pastes are at rest [62].

Within the context of RMS mixes, individual cement particles are further held together via the
links formed by hydrate phases such as M-S-H, increasing the stiffness and rigidity of the final
sample. This action of consolidation in cement suspension often leads to an increased storage
modulus and decreased phase angle. All mixes exhibited a steady increase in storage modulus
with a steady decrease in phase angle, indicating transitions from viscous to elastic behavior
as the analysis approached resting time (900 s). The percolation time (i.e. time when the
storage modulus increases steadily or when phase angle stabilizes), was found to be higher in
RMS-OP mixes. Accordingly, the addition of OP within RMS mixes drastically increased the
storage modulus, resulting in a more elastic behavior when compared to other mixes. The
phase angle measurements also reflected the more liquid-like consistencies of RMS and RMS-

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

These observations could be explained by the increased Mg?* and SiOs* interactions within
the RMS-OP mix, as confirmed earlier by FTIR, NMR and XRD analyses. The higher pH of RMS-
OP led to a higher amount of SiOs% to react with free Mg?*, which further reduced the average
distance between cement particles in suspension and increased the van der Waals forces,
thereby enhancing the flocculation strength. This mechanism translated into a higher storage
modulus and a lower phase angle, highlighting the higher elastic behavior of the RMS-OP mix

when compared to other mixes, which could contribute to its ability to be used in 3D printing.
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514  Fig. 12 shows the determination of the linear viscoelastic region (LVER) for the selected mixes.
515 The LVER region extended to a critical strain value of 0.002% for the RMS-OP mix, while this
516  value was 0.096% and 0.0005% for RMS and RMS-HMP mixes. Previous studies that involved
517  the analysis of PC mixes by using the same instrumental parameters reported comparable
518  critical strain values of ~0.004% [43, 63]. Furthermore, linear patterns of storage and loss
519  modulus could be easily established with the adopted instrument parameters for the RMS-
520 OP mix in comparison to the RMS-HMP mix. Overall, the rheological measurements revealed
521 that the use of OP in RMS mixes extended the LVER region, enabling a desirable control of
522  paste stiffness and structural integrity that could contribute to their future use in 3D printing
523  applications. Previous studies performed on concrete 3D printing [64] also highlighted the link
524  between the storage modulus of various mixes and properties of printed layers. In this respect,
525 the RMS-OP mix, which demonstrated a trend of increasing storage modulus, could offer

526  enhanced shape retention capability and extrudability when used in additive manufacturing.
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532 Fig. 11 Structural evolution of RMS mixes, showing the (a) storage modulus and (b) phase
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Fig. 12 Linear viscoelastic regions (LVER) of (a) RMS, (b) RMS-HMP and (c) RMS-OP mixes

4. Conclusion

This study aimed to develop RMS mixes with suitable properties for potential 3D printing
applications. As a part of this goal, the influence of different phosphate additives (HMP, TMP
and OP) on the reaction mechanisms and fresh and hardened properties of the developed
formulations was evaluated. Out of the 3 superplasticizers used in this study, OP was
identified as the most suitable additive for the production of mixes with enhanced hydration
and associated performance. The obtained results highlighted that the use of OP in RMS
formulations led to higher pH values than other additives, which improved the dissolution of
silica and its subsequent reaction with Mg-phases, resulting in the enhanced formation of
hydrate phases such as M-S-H. The RMS-OP mix also indicated a consistent workability and
better compressive strength that can be translated into a good shape retention, dimensional
accuracy and extrudability in 3D printing applications. Understanding the fresh paste
reactions kinetics in depth and their influence on fresh and hardened properties can enable
the efficient incorporation of additives that can play a major role in improving the printability
of alternative binders. Further research on the optimization of mix design, curing conditions
and printing parameters can lead to the production of sustainable mixes incorporating novel

binders for large scale 3D printed applications.
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List of Tables:

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

RMC MS
MgO 91.5 0.9
SiO; 2 >90
CaO 1.6 -
R203 1 -
LOI - <3
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Table 2 FTIR peak assignments for RMS, RMS-HMP and RMS-OP samples.

Sample Wavenumber Assignment Reference
(cm™)
RMS 1050-1070 Q3, Si-0-Si (non-bridging oxygen) internal [56]
stretching vibrations
1100-1200 Q*asymmetrical Si-O-Si, external [56]
stretching vibrations
RMS-HMP 1050 Q3 Si-0-Si (non-bridging oxygen) internal [56]
stretching vibrations
1110 Q3 silica vibration in M-S-H [10]
1100-1200 Q*asymmetrical Si-O-Si, external [56]
stretching vibrations
RMS-OP 990 Q3 silica vibration in M-S-H [10]
1110 Q3 silica vibration in M-S-H [10]
1100-1200 Q*asymmetrical Si-O-Si, external [56]

stretching vibrations
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Table 3 Chemical shifts (ppm) and relative intensities (%) of different Si sites obtained from

the deconvolution of the 2°Si MAS NMR spectra.

Sample Chemical shift, ppm (relative peak intensities, %) Total

(age) M-S-H MS unreacted
Q! Q? Q3(a) Q3(b) Q3 Q? silica (%)

RMS-HMP - -85.5 -91.5 - -100.9 -111.4 95.3

(1d) (2.16)  (2.55) (12.8) (82.5)

RMS-HMP  -79.8 -85.4 -91.6 -96.7 -100.9 -111.6 71.5

(3d) (7.0) (12.4) (8.3) (0.8) (12.8) (60.1)

RMS-OP -79.8 -85.5 -91.9 -96.5 -100.9 -111.5 73.8

(1d) (2.9) (9.9) (12.2) (1.1) (15.6) (58.2)

RMS-OP -79.8 -85.4 -91.9 -96.7 -100.9 -111.8 39.7

(3d) (10.3)  (23.3)  (25.8) (0.8) (8.8) (30.9)
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Table 4 Quantification of phases within RMS-HMP and RMS-OP mixes, obtained by XRD

analysis.

Phase RMS-HMP RMS-OP RMS-HMP RMS-OP
(1d) (1d) (3d) (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 28.2 245

MSH 21 6.2 10.4 18.6
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