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Abstract

The use of magnesium oxide (MgO) as the key reactive component within hydraulic
binder systems has been reported in many studies. This study investigated the
strength and microstructural development of MgO and MgO-SiO, binder systems
under different curing conditions. Concrete samples, whose binder component
consisted of only MgO or MgO-SiO, were subjected to ambient and carbonation
curing conditions for 56 days. The compressive strength results were supported with
microstructural analysis performed via XRD, TG/DTG and FESEM. While the
formation of brucite within MgO samples led to limited strength under ambient
conditions, MgO-SiO, samples demonstrated a steady strength development due to
the formation of M-S-H. Incorporation of carbonation curing enhanced the
mechanical performance of both systems, enabling rapid strength development that
reached up to 77 MPa at 7 days. This increase in strength was associated with the
densification of microstructure via the formation of Mg-carbonates, which were

assessed via thermal analysis.
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1 Introduction

The high energy consumption and CO, emissions associated with Portland cement
(PC) production [1] have driven the need for alternative building materials. Reactive
magnesium oxide (MgO)-based cementitious materials are a group of materials that
have lower calcination temperatures than PC (i.e. 700 vs. 1450 °C) and ability to
gain strength via various routes, some of which involve the sequestration of CO; in
the form of stable carbonates [2, 3] or the formation of magnesium silicate hydrate
(M-S-H) within MgO-SiO,-H,0 systems [4-6].

Recent research on MgO-SiO,-H,0 systems have shown that the formation of M-S-
H via a reaction between a Mg-based source (e.g. MgO, Mg(OH),) and a silica
source (e.g. microsilica) results in a binder that can be used in certain applications
such as waste encapsulation [7-9], refractory castables [10] and building materials
[4]. The mix designs introduced in these studies usually involve the use of a
dispersant, sodium hexametaphosphate ((NaPOs3)s, SHMP), to reduce the water
demand and improve the rheological properties of the fresh mix. The reduction of
water content through the use of SHMP in MgO-silica fume mixes was reported to

enable 28-day strengths as high as 70 MPa [4].

Within MgO-SiO, formulations, the formation of M-S-H can take place via the
reaction between Mg?* and dissolved silica complexes [5, 11]. The main factors
influencing M-S-H formation are the chemical and physical properties of the
precursors, mix composition, curing conditions and pH of the pore solution. A recent
study has shown that M-S-H can form directly from the reaction of MgO with SiO, or
from the consumption of the previously formed Mg(OH). (brucite), depending on the
SHMP content within the initial mix design [12]. The formation of M-S-H ceases
when either the magnesia or silica source is fully consumed in the reaction [13].
Therefore, within mixes containing relatively high initial MgO contents, M-S-H can be
accompanied with unreacted MgO and the hydrate phase of MgO, Mg(OH)..
Previous studies [14] reported the presence of brucite in reactive MgO-SiO, samples
even after 90 days of curing.
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Differing from MgO-SiO,-H,O systems, carbonated MgO systems rely on the
formation of hydrated magnesium carbonates (HMCs) for strength gain. This usually
initiates with the hydration reaction of MgO into brucite, followed by the carbonation
reaction to form a range of HMCs, as shown in Equations 1-5. The extent of the
carbonation reaction, along with the morphology of these carbonate phases control
the mechanical performance of carbonated MgO systems. Strength development of
these binders is associated with the increase in sample density as carbonation is an
expansive process that reduces the overall pore volume (i.e. the formation of HMCs
causes a significant expansion and increases the solid volume by a factor of 1.8-3.1)
and evolution of microstructure as the morphology and binding strength of the

carbonate crystals contribute to the network structure.

MgO + H,O — Mg(OH), (Brucite) (2)
Mg(OH), + CO; + 2H,0O — MgCO3-3H,0 (Nesquehonite) (2)
2Mg(OH), + CO, + 2H,0 —Mg,CO3(OH),-3H,0 (Artinite) (3)
5Mg(OH); + 4CO, — Mgs(CO3)4(OH),-4H,0 (Hydromagnesite) 4)
5Mg(OH), + 4CO; + H,0O — Mgs(CO3)4(OH),-5H,0 (Dypingite) (5)

As carbonation is the main mechanism for strength gain within these systems, the
diffusion of CO; into the sample matrix plays a key role in the final performance. This
necessitates the provision of the necessary porosity to enable CO; ingress, which
can be achieved via a carefully planned mix design. Studies focusing on carbonated
systems have generally proposed the use of 4-40% MgO as the main binder,
accompanied with fine and/or coarse aggregates, along with fly ash or slag in some
formulations [15-21]. Although higher cement contents generally lead to higher
strengths, this is associated with increased cost and environmental impacts.
Therefore, achieving a balance amongst the mechanical, economical and
sustainability aspects of the proposed mix designs is important. Independent of the
cement content, these studies have shown that subjecting MgO samples to natural
atmospheric exposure conditions containing ambient CO, levels (0.04%) are not
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sufficient for the carbonation reaction to take place and provide high strengths even
after several months [20, 22], therefore highlighting the need for accelerated
carbonation conditions involving the use of elevated CO, concentrations (i.e. 5-20%
in most cases). The use of these accelerated CO, concentrations was shown to
enable compressive strengths as high as ~60 MPa after curing MgO-based concrete
samples under 10% CO, for 28 days [15].

While the use of elevated CO, concentrations increases the rate and degree of
carbonation to some extent, the presence of uncarbonated brucite is a common
occurrence in carbonated MgO systems as the penetration depth of CO, is limited
towards the sample core [16]. One of the main reasons for this is the precipitation of
carbonation products on the outer surface, which prevents further carbonation of
Mg(OH),, thereby limiting carbonation and associated strength development, and
resulting in an inefficient use of MgO as a binder. Since uncarbonated brucite does
not significantly contribute to strength development by itself due to its poor binding
capacity, the conversion of brucite or unhydrated MgO into strength providing
phases such as HMCs or M-S-H can be enabled via the development of a combined

system involving the presence of M-S-H as well as a carbonate network.

Although the reaction mechanisms, properties and performance of both MgO-SiO.-
H,O and carbonated MgO systems have been individually investigated to some
extent, there are not any studies focusing on the combination of these two systems
in the form of a multi-component binder. Since both systems rely on the dissolution
of MgO and the subsequent hydration reaction as the initial step in their strength
development, the use of carbonation to enhance the performance of this combined
binder system is yet to be explored. This study aims to investigate the properties of
binders involving the combination of MgO-SiO,-H,O and carbonated MgO systems
and their capacity to increase the utilization of MgO and Mg(OH), via the formation
of an extensive network composed of Mg-carbonates and M-S-H. The influence of
carbonation on the MgO-SiO,-H,O system was evaluated via a detailed comparison
of MgO-SiO, and MgO-based concrete samples with the same binder content. The
prepared samples were subjected to sealed and carbonation conditions to assess
their performance with and without the introduction of CO, curing. The mechanical
performance of the MgO-SiO, (MS) and MgO (M) systems was studied with
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compressive strength testing at different durations up to 56 days. The strength
results of each system were supported with an analysis of their microstructural
development along different stages of curing. The formation of hydrate and
carbonate phases were investigated via X-ray diffraction (XRD) and
thermogravimetric/derivative thermogravimetric analysis (TG/DTG), while the
microstructural development of the prepared formulations was observed by field

emission scanning electron microscopy (FESEM).

2 Materials and Methodology

2.1 Materials

Reactive MgO (commercial name “calcined magnesite 92/200”) and microsilica
(commercial name “940U”) were obtained from Richard Baker Harrison (UK) and
Elkem Materials (Singapore), respectively. The properties of MgO and microsilica
are listed in Table 1. SHMP, used as a superplasticizer, was obtained from VWR
(Singapore). Saturated surface dry (SSD) gravel provided by Buildmate (Singapore)
with a particle size of 4.7-9.5 mm and a density of 2.61 kg/m® was used to form the

aggregate profile in the concrete samples prepared.

2.2 Mix composition and curing conditions

Table 2 shows the mix compositions prepared under this study and the
corresponding curing conditions each mix was subjected to. Two different binder
systems composed of MgO (M) and MgO-SiO, (MS), in which MgO and microsilica
were introduced at a ratio of 1:1, were prepared. These binders were used in the
preparation of concrete samples that were composed of 40% binder (i.e. to provide
binding in the absence of fine aggregates, which were omitted from the mix design to
avoid contamination with quartz and provide an accurate quantification of hydrate
and carbonate phases during microstructural analysis) and 60% coarse aggregates,
by mass. All formulations were prepared with a constant water/binder (w/b) ratio of
0.45 and included 1% (i.e. of the total binder content) of SHMP to improve fluidity,
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which led to fully compacted samples for both systems. The prepared samples were
subjected to two different curing conditions: (i) Sealed (S) under 95% relative
humidity (RH), ambient temperature and ambient CO, concentration; and (ii)
carbonated (C) under 95% RH, ambient temperature and 10% CO, concentration.

2.3 Sample preparation

Sample preparation started via the addition of SHMP into a predetermined amount of
water, followed by its mixing for about 20 minutes to ensure it was fully dissolved.
MgO was then slowly added into the water while mixing. For the preparation of MS
samples only, microsilica was also gradually added into the mixing bowl during
mixing. The mixing procedure continued for 10 minutes after all the powders were
added to prepare a truly homogenized and thoroughly mixed paste, after which the
coarse aggregates were introduced into the mix. The prepared concrete mix was
poured into 50x50x50 mm cubic molds, which were consolidated by a vibrating table
for 5 minutes and trowel finished to achieve full compaction. The prepared samples
were kept under sealed conditions for 24 hours until demolding and were then
placed into corresponding curing conditions. The masses of all samples were
recorded before and after each curing duration to assess the changes in their

densities under different conditions.

2.4 Methodology

2.4.1 Compressive strength

The compressive strength of the prepared concrete samples was measured by uni-

axial loading in triplicates at 3, 7, 28 and 56 days. The equipment used for this

purpose was a Toni Technik Baustoffprifsysteme machine, operated at a loading
rate of 55 kN/min.
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2.4.2 XRD, TG/DTG and FESEM analyses

Samples extracted from the cubes crushed during compressive strength testing were
stored in acetone for at least 3 days to stop hydration, followed by vacuum drying for
another 7 days in preparation for XRD, TG/DTG and FESEM analyses. The vacuum
dried samples were ground down to pass through a 75 um sieve in preparation for
XRD and TG/DTG.

XRD data was collected via a Bruker D8 advance instrument using Cu K, radiation
(40 kv, 30 mA) with a scanning rate of 0.02° 26/step from 10 to 80° 20. TG/DTG was
conducted on a Perkin ElImer TGA 4000 equipment from 30 to 900 °C with a heating
rate of 10 °C/min under nitrogen flow. The quantification of the formed phases within
each sample was performed via the deconvolution of the DTG curves and the
calculation of the area corresponding to different decomposition reactions under
each deconvoluted curve. For the observation of the sample microstructures via
FESEM analysis, the vacuum dried samples were coated with platinum. The
morphologies of the hydration and carbonation products within the prepared samples

were investigated via FESEM images obtained by a JEOL JSM-7600F equipment.

3 Results and Discussion

3.1 Density

The wet density values of all samples over the 56 days of curing are shown in Figure
1. The initial densities of M samples before the start of the curing process were ~8%
higher than those of MS samples (2.33 vs. 2.16 g/cm?®). This was associated with the
differences in the compositions of the binder components of each system. For both
systems, samples cured under sealed conditions (M-S and MS-S) revealed relatively
constant densities throughout the curing process. Any increase in density due to the
progress of the hydration reaction that resulted in the expansive formation of hydrate
phases within these samples could have been partially overshadowed with the loss
of unbound water from the pore system during curing. Alternatively, the introduction
of carbonation led to a noticeable increase in the densities of both systems. The
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densification process was more visible within M-C samples, which demonstrated
~5% increase in their densities over 56 days, revealing a final density of 2.44 g/cm?.
Corresponding MS-C samples revealed an increase of ~1.5% over 56 days. The final
density of MS-C samples was recorded as 2.19 g/cm?®, which was lower than that of
M samples, similar to the trend observed before curing initiated. Apart from the initial
and final densities, the change in the sample density over time during the curing
process could be an indication of the performance of each formulation under
different curing conditions.

3.2 Compressive strength

Compressive strengths of samples cured for up to 56 days are shown in Figure 2.
Carbonated MgO (M-C) samples achieved the highest strengths amongst all
samples throughout the entire curing duration. The corresponding MgO samples that
were subjected to sealed conditions (M-S) revealed the lowest strengths of around
18 MPa, which remained relatively stable throughout 56 days due to the low ambient
CO, concentrations that slowed down the carbonation process. Alternatively, the
rapid strength gain exhibited by M-C samples was associated with the elevation of
the CO; concentration to 10% during the curing process, which was in line with the
findings of previous studies [20, 23]. The presence of CO, enabled the carbonation
reaction within M-C samples, which reached early-age strengths as high as 56 and
77 MPa at 3 and 7 days, respectively. The difference in the CO, concentration used
in the curing of M-S and M-C samples led to an up to ~330% difference in their
performance. This significant transformation in strength is a clear indication of the
critical role that carbonation plays in the mechanical performance of MgO-based
formulations, whose strength gain dominantly relies on the formation of carbonate
phases, as reported in the literature [3, 17, 20, 24]. This increase in strength within
the carbonated samples was in line with the increase in the density of samples
reported earlier in Figure 1, where M-C samples revealed a noticeable increase in

their density due to the formation of carbonates.

Samples, whose binder component consisted of MgO-SiO, (MS-S and MS-C),
demonstrated a consistent strength development over 56 days. The use of
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carbonation curing in MS-C samples enabled 56-day strengths as high as 73 MPa,
while the corresponding MS-S samples cured under sealed conditions revealed a
strength of 56 MPa. The difference in strength was more pronounced at early ages
(3 days), during which MS-C samples achieved up to ~60% higher strengths than
MS-S samples. This difference gradually reduced and stabilized at ~20% for the
remaining curing durations. The high difference at earlier ages was mainly due to the
different curing conditions these two sets of samples were subjected to. While the
formation of M-S-H was the main source of strength in MS-S samples, the higher
strengths obtained by MS-C samples were attributed to the formation of carbonate
phases. As the carbonation process takes place more rapidly at early stages of
curing and gradually slows down with the densification of the microstructure, the
trends observed in the strength difference of MS-S and MS-C samples were in line

with the expected progress of carbonation.

Amongst the four sets of samples prepared under this study, those subjected to
carbonation curing (M-C and MS-C) demonstrated the best performance for each
binder composition (MgO and MgO-SiO,). Although the highest strengths were
achieved by M-C samples at early ages (£ 7 days), the consistent strength
development of MS-C samples led to similar results at longer durations (= 28 days).
In addition to the binding strength associated with the carbonate network that formed
during the curing process, the higher densities revealed by M-C samples in
comparison to MS-C samples may have contributed to their strength development.
Alternatively, while the formation of M-S-H within MS-S samples resulted in a
considerable performance without carbonation, the incorporation of carbonation in
the curing process significantly enhanced the strength development of these
samples. However, when compared to MgO-SiO, (MS) samples, which also gained
strength via the hydration process that led to the formation of M-S-H; the progress of
carbonation was much more critical for purely MgO-based (M) samples, whose
strength development mainly depended on the conversion of Mg-phases (MgO and

Mg(OH),) into carbonates.

3.3 Microstructure
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Figure 3 shows the FESEM images of all samples after 3 days of curing. M-S
sample (Figure 3 (a)) indicated a loose formation of brucite around MgO particles,
whereas an extensive formation of various HMCs, namely needle-like nesquehonite
and rosette-like hydromagnesite/dypingite, were observed in the M-C sample (Figure
3 (b)). The dense formation of these HMCs could explain the high strength gain (56
MPa) achieved by M-C samples at as early as 3 days. Similar to M-S, MS-S sample
(Figure 3 (c)) mainly displayed the formation of brucite (i.e. lamellar aggregates of
platelets [25]) along with M-S-H (i.e. continuous layer covering other particles [14,
26]), which slightly led to the densification of the microstructure. The resemblance in
the microstructures of M-S and MS-S samples corresponded well with their identical
3-day strengths. The use of carbonation curing in MS-C sample (Figure 3 (d)) clearly
revealed the formation of rosette-like hydromagnesite/dypingite with large flakes,
along with M-S-H, which could explain the higher strengths obtained by this sample
in comparison to MS-S. The morphology of hydromagnesite/dypingite observed
within MS-C sample differed from those seen in M-C, where the agglomeration of
smaller crystals produced a denser microstructure. Coupled with the dense formation
of nesquehonite needles, the densification of the sample microstructure can explain

the carbonation-related rapid strength gain of M-C at 3 days.

Figure 4 shows the FESEM images of all samples after 28 days of curing. Although it
was cured for a longer duration, M-S sample (Figure 4 (a)) mainly indicated the
formation of brucite along with unreacted MgO. The limited formation of carbonates
was as expected since the ambient concentration of CO, used during the curing of
M-S samples was not sufficient for a noticeable formation of carbonates, thereby
limiting strength development. Differing from M-S, M-C sample (Figure 4 (b))
revealed the dense formation of interlocked nesquehonite and artinite, along with
hydromagnesite/dypingite. The simultaneous formation of various carbonate phases
corresponded well with the highest strengths obtained by M-C samples, which
outperformed all others during the entire curing period. Formation of a continuous
gel-like M-S-H layer, similar to those reported in earlier studies [14, 26], was
observed in the microstructure of MS-S sample (Figure 4 (c)), which could explain its
steady strength development with time. The spherical SiO, particles were less
abundant when compared to the microstructure of MS-S sample cured for 3 days.
The reduction in the amount of SiO, was in line with the increase in M-S-H formation
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as silica was consumed in the hydration reaction over time. When subjected to
carbonation, MS-C sample (Figure 4 (d)) exhibited the presence of a dense
nesquehonite cluster, which formed a wall-like structure via the combination of
individual needles. Along with nesquehonite, rosette-like hydromagnesite/dypingite
agglomerates contributed to the densification of the microstructure. Amongst the
HMCs, the loose presence of spherical SiO, particles was observed, whereas the
gel-like M-S-H largely disappeared from the microstructure. The lack of M-S-H,
accompanied with the abundant presence of SiO, particles, where MS-C sample
differed from the corresponding MS-S sample that was cured under ambient
conditions, could be an indication of the conversion of Mg-based initial phases to

Mg-carbonates under the presence of CO, curing.

3.4 XRD

The XRD diffractograms of all samples cured for 3 days are shown in Figure 5. The
brucite peaks were accompanied with unreacted MgO (periclase) peaks in all
samples, whose presence was an indication of the limited progress of hydration
during the first 3 days of curing. The M samples, whose binder component was
composed of MgO only, demonstrated brucite peaks with noticeably higher
intensities than those of MS (MgO-SiO;) samples. This difference in the brucite
peaks could be attributed to the higher initial MgO content of the M samples when
compared to MS samples (40 vs. 20 wt% of the total mix composition) and the
potentially higher consumption degree of the brucite that may have initially formed
within the MS system, via its reaction with the dissolved silica to form M-S-H and

carbonation (in the MS-C sample).

Apart from MgO and brucite, the presence of small amounts of silica and magnesite
(the latter from the incomplete decomposition of the parent material during the
production of MgO) was observed as impurities in all samples. While the XRD
patterns of MS-S and MS-C were similar, a small presence of
hydromagnesite/dypingite was observed in MS-C samples, which was in line with the
microstructural observations reported earlier in Section 3.3. These were
accompanied with unreacted amorphous silica peaks centered around 21° 20. The
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slight formation of amorphous M-S-H was observed at around 35° and 60° 26 [4, 7]
in both MS samples, albeit more visibly within the MS-S sample. This difference was
associated with the variations in the environments used for the curing of these
samples, during which MS-C was subjected to carbonation. The use of carbonation
curing limited the formation of M-S-H and resulted in the slight presence of
carbonates instead, similar to M-C samples. Although the formation of carbonate
phases within M-C and MS-C samples was clearly observed in their microstructures
reported in Section 3.3, these phases did not reveal high intensities in the XRD
patterns obtained at 3 days. This could be due to the relatively lower intensities of
these phases in comparison to major phases such as MgO and brucite and the
variations in the carbonation degree, which reduced with sample depth. These
results can be an indication that although the progress of carbonation was limited in
M-C and MS-C samples, it still significantly enhanced the mechanical performance of
these samples in comparison to the corresponding uncarbonated samples at as

early as 3 days.

Figure 6 shows the XRD diffractograms of all samples cured for 28 days. Although
the presence of MgO could still be observed in all samples, a reduction in its
intensity was anticipated in comparison to those observed at 3 days to demonstrate
the progress of hydration and carbonation between these periods. While the brucite
peaks were present in all samples, they were less prominent within samples
subjected to carbonation for each composition. The brucite peaks were accompanied
with various HMCs such as hydromagnesite, dypingite, artinite and nesquehonite
within M-C samples, which corresponded well with microstructural observations.
Alternatively, the amorphous bands of M-S-H located at around 25°, 35° and 60° 20
[13] were clearly revealed in the XRD pattern of MS-S samples. In addition to M-S-H,
small peaks of MgO and brucite were also present within MS-S, indicating that there
was still room for improvement for the complete utilization of MgO. Subjecting the
same composition to carbonation led to the disappearance of brucite and the
reduction in the amount of residual MgO in MS-C samples. The simultaneous
appearance of various HMCs was a clear demonstration of the carbonation reaction
within the MgO-SiO, system. The lack of M-S-H peaks, accompanied with the
presence of unreacted silica at around 21° 20 within MS-C samples indicated the

conversion of Mg-phases into carbonates under carbonation curing, which confirmed
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the microstructural observations (Section 3.3) and strength results (Section 3.2)

reported earlier.

3.5TG/DTG

Figure 7 shows the TG and DTG plots of all samples cured for 28 days. Since all
samples were subjected to vacuum drying before testing, the total mass loss
observed during this process mainly corresponded to the decomposition of hydrate
and carbonate phases. When the total mass loss values revealed by each sample
were compared, it could be seen that MS-S sample revealed lower values than
others. This difference could be partially attributed to the higher initial MgO contents
of M samples in comparison to MS samples, which could have led to the formation of
a larger amount of hydrate and/or carbonate phases. Furthermore, the formation of
carbonate phases within sample MS-C led to a higher mass loss than those of MS-S.
Regardless of the initial composition, amongst each binder composition (MgO and
MgO-SiO,), those subjected to carbonation led to higher mass losses due to the
decomposition of HMCs. In carbonated MgO systems, the dehydration,
dehydroxylation and decarbonation of common HMCs (e.g. nesquehonite, artinite,
hydromagnesite and dypingite) were reported to take place at < 250, 250-500, and >
350 °C, respectively [27-30]. In MgO-SiO,-H,O systems, the main steps involved
during the thermal decomposition of M-S-H and other phases can be summarized as
below [31, 32]:

1. 30-300 °C: Loss of interlayer water of M-S-H

2. 300-750 °C: Decomposition of uncarbonated brucite and separation of hydroxyl
groups in M-S-H

3. 750-900 °C: Dehydroxylation of silanol groups

Amongst the samples cured under sealed conditions, the much lower mass loss of

MS-S than that of M-S was accompanied with its higher strengths than sample M-S.
This difference in the strengths of these two uncarbonated samples could be linked
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with the variations in the hydrate phases that formed within the MgO (brucite) and
MgO-SiO, (M-S-H with a minor formation of brucite) formulations. This variation was
also demonstrated by the DTG plots in Figure 7(b), where the two peaks at 95 and
405 °C within MS-S sample referred to the loss of interlayer water and separation of
hydroxyl groups of M-S-H along with the decomposition of a small amount of brucite,
respectively. Alternatively, the thermal decomposition of M-S sample revealed a
large endothermic peak at ~425 °C corresponding to the decomposition of brucite,
which was in line with the XRD patterns shown in Figure 6. When the 28-day
strength results of these two samples were compared, the larger contribution of M-S-
H to the strength development of MS-S sample than that of brucite, whose extensive

formation was clearly observed in M-S sample, could be confirmed.

The introduction of carbonation at a CO, concentration of 10% during the curing of
M-C and MS-C samples led to the appearance of additional peaks associated with
the formation of carbonate phases. The DTG plots of these samples revealed two
additional endothermic peaks centered at around 224-263 and 491-507 °C,
corresponding to the dehydroxylation and decarbonation of HMCs, respectively.
Furthermore, when compared to the DTG plots of uncarbonated M-S and MS-S
samples, a slight shift in the main decomposition peak from 405-425 to 434-438 °C
was observed in the carbonated samples, which included the decomposition of
carbonate phases. These decomposition patterns corresponded well with the
temperature ranges stated in the literature [28, 30]. The decomposition temperatures
and corresponding mass loss values revealed by the TG/DTG analysis were used to
guantify the hydrate and carbonate phases within each sample, whose details are

provided in Section 3.6.

3.6 Phase quantifications

Figures 8(a)-(d) show the deconvoluted DTG curves for all samples cured for 28
days. The original data (represented by the black dots) was included as well as the
cumulative fit (represented by the solid line) for each sample, showing that a good fit
was obtained in all cases. These two sets were accompanied with the deconvoluted

curves, whose combination formed the cumulative fit. For each sample, the number
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of deconvoluted curves varied, depending on the different types of hydrate and
carbonate phases that decomposed during thermal analysis. For instance, for M-S
sample, two main curves were used to represent the dehydration of adsorbed water
(centered at ~128 °C) and dehydroxylation of brucite (centered at ~425 °C), along
with the loss on ignition associated with impurities (e.g. undecomposed phases
within MgO). In addition to these curves, two more curves (centered at ~263 and
~491 °C) were added to represent the mass loss associated with the decomposition
of HMCs within M-C sample. Furthermore, the main curve (centered at ~430 °C) was
deconvoluted into two curves that corresponded with the decompositions of brucite
(centered at ~407 °C) and HMCs (centered at ~437 °C).

Differing from the M samples, MS samples included the decomposition of M-S-H in
addition to other hydrate and carbonate phases. For MS-S sample, the three main
phases referred to the dehydration of adsorbed water from M-S-H, dehydroxylation
of brucite and dehydroxylation of M-S-H. While each of these 3 events was indicated
by separate curves, the dehydration of M-S-H was represented by two individual
curves referring to the water adsorbed on M-S-H surface and water confined in M-S-
H pores [33]. For MS-C sample subjected to carbonation, 2 more curves were used
to represent the dehydroxylation and decarbonation of HMCs (at ~224 and ~507 °C),
in addition to the 3 decomposition reactions listed earlier for MS-S sample. Similar to
M-C sample, the main curve (centered at ~434 °C) was divided into two to represent
the decompositions of brucite and HMCs, in line with the findings of the previous
literature on the thermal decomposition of HMCs [29, 34]. The area under each
deconvoluted curve was calculated to find the mass loss corresponding to the
relevant decomposition processes. During these calculations, the mass loss
associated with the loss of ignition was also taken into account with respect to the

binder component within each sample.

The mass loss values obtained from the deconvoluted DTG curves of all samples
cured for 28 days are listed in Table 3. Similar to the phase formations shown by the
XRD patterns in Figure 6, M-S sample revealed the formation of brucite as the main
hydrate phase, which corresponded to ~20% of the total mass loss. The high brucite
content within this sample was an indication of the lack of carbonation, whose
progress was limited under the ambient CO, concentration used during the curing of
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M-S. The introduction of carbonation in M-C sample led to the formation of HMCs
(mass loss of ~14%), in addition to brucite (mass loss of ~5%). The smaller brucite
content of M-C when compared to M-S revealed the progress of carbonation under
the elevated (10%) CO, concentration used during the curing of M-C. Differing from
sample M-S, a majority of brucite that formed as a result of the hydration reaction
reacted with the CO, that diffused through the pore system, resulting in a notable

formation of HMCs.

Similar to M samples, MS samples indicated different mass allocations with respect
to their curing environments. MS-S sample indicated a high mass loss associated
with the dehydroxylation of M-S-H (~6%), along with smaller amounts due to the
dehydroxylation brucite (~3%). Out of all samples, MS-S revealed the highest mass
loss due to adsorbed water, which was an indication of M-S-H formation. This was
because dehydration of water absorbed on the surface of M-S-H as well as the water
confined in M-S-H pores are known to contribute to the mass loss observed in this
temperature range [33]. The use of carbonation in MS-C sample enabled a reduction
of the amount of residual brucite (mass loss of ~0.5%), which almost disappeared at
28 days. This decline in the amount of brucite was related with its consumption in the
formation of carbonate phases, along with M-S-H. Accordingly, the main mass loss
observed in MS-C was linked with a significant formation of HMCs (mass loss of
~19%), accompanied with some M-S-H (mass loss of ~2%). The smaller amount of
M-S-H formation within sample MS-C in comparison to MS-S, which corresponded
well with the XRD patterns, could be associated with the utilization of Mg®" in the
carbonation reaction rather than its reaction with SiO, complexes to form M-S-H.

The reactions involving the formation of various hydrate and carbonate phases are
dependent on several factors, one of them being the pH of the system, which can
determine the dissolution of MgO and SiO,, as well CO; into the pore solution.
Therefore, the direction of the reactions that determine the M-S-H and HMC contents
within carbonated MS systems are controlled by the concentration of the dissolved
SiO; and CO,, during which the dissolved element with the higher concentration
preferentially reacts with Mg?*. In this respect, the rate and degree of the reactions
depend on the concentration of the dissolved element and the solubility product of
M-S-H and HMCs. In this study, the overwhelming formation of HMCs when
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compared to M-S-H in MS-C samples could be attributed to the higher dissolution of
CO, gas (i.e. at a concentration of 10%) than that of solid SiO,. Furthermore, the
lower pH values induced with carbonation could have also enhanced the formation of
HMCs [35, 36] rather than M-S-H, whose formation was shown to be favored at a
higher pH of 2 10.5 [13, 37].

A comparison of the two carbonated samples, M-C and MS-C, revealed lower mass
loss values corresponding to the formation of HMCs within the former (~14% vs.
19%). This difference in the amount of carbonate phases could be related to the
variations in the type of carbonates, as well as the higher initial densities of M
samples in comparison to MS samples, which could limit the amount of CO, diffusing
through the sample pore network and thereby the overall amount of carbonates
precipitating within the system. However, although M-C samples revealed a lower
degree of carbonate formation, their higher densities enabled them to achieve
generally higher strengths than MS-C samples during the earlier stages (< 28 days)
of carbonation. The increased degree of carbonate formation within MS-C samples,
coupled with the binding strength provided by M-S-H, led to almost equivalent
strengths to those of M-C samples at 56 days (73 vs. 79 MPa). These results
indicate that while sample density plays a key role in the reaction mechanisms and
final performance, the progress of the carbonation reaction also contributes to

strength development via the formation of an extensive carbonate network.

In addition to their physical properties, other factors such as the initial pH (i.e.
controlled by the mix design and properties of the binder component), determine the
extent of carbonation and hence the final performance of M and MS systems. The
presence of SiO; has led to a lower initial pH of MS when compared to M samples,
which may have provided a more favorable environment for HMC formation under
carbonation [35, 36]. Furthermore, in purely MgO-based systems (M-C samples), the
hydration and carbonation of MgO grains can lead to the formation of a solid
hydrate/carbonate layer around the unreacted particles, thereby limiting further
access to the unhydrated MgO particles. However, in MgO-SiO, systems (MS-C
samples), since the dissolution of SiO; is lower than that of CO, under the given
conditions, the presence of SiO, particles can provide nucleation seeding. This can
enable the increased precipitation of Mg(OH). available for carbonation, thereby
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facilitating further carbonation and the associated formation of HMCs when

compared to M samples.

4 Conclusions

This study investigated the performance and microstructural development of MgO
and MgO-SiO, based concrete samples subjected to ambient and carbonation curing
over a 56-day period. The density and strength results of the prepared samples were
supported with a detailed microstructural study involving the use of XRD, TG/DTG
and FESEM analyses. In addition to the evolution of sample microstructure, the data
corresponding to the quantification of hydrate and carbonate phases within each
formulation, obtained via thermal analysis, was used to explain the variations in

sample performance.

MgO samples subjected to ambient curing revealed minimal strengths due to the
inability of brucite to provide any binding strength between the cement paste and
aggregates. A different scenario was observed in MgO-SiO, samples, which
demonstrated a steady strength development due to the formation of M-S-H over the
56 days of curing. When compared to those cured under ambient conditions, the
incorporation of carbonation curing led to an up to 412% and 57% increase in the
strength of MgO and MgO-SiO, samples, respectively. Unlike the outcome of
ambient curing, MgO samples subjected to CO, curing exhibited a rapid early
strength development revealing strengths as high as 77 MPa at 7 days. This
enhancement of performance was associated with the formation of carbonate
phases in both MgO and MgO-SiO, samples, which led to the densification of
sample microstructures. The formation of carbonates was accompanied with a
reduction in the amount of hydrate phases in both formulations. The simultaneous
formation of different carbonate phases such as nesquehonite, artinite, dypingite and
hydromagnesite enabled the development of a dense and interconnected carbonate

network within the carbonated samples.

The results of this study clearly demonstrated the critical role carbonation curing
plays in the strength and microstructural development of MgO and MgO-SiO;
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formulations. A complete utilization of brucite, the intermediate hydrate phase, was
observed in MgO-SiO, samples subjected to carbonation, which revealed an
extensive formation of Mg-carbonates as well as M-S-H. Further studies on the
optimization of the initial mix design and curing conditions can lead to even higher
strengths by enabling the complete consumption of MgO in the hydration and
subsequent carbonation reactions. This should be accompanied with an investigation
of the effect of these parameters on the properties, stability and transformation of the

final phases that form under different environments.
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List of Tables:

Table 1 Chemical composition and physical properties of MgO and microsilica

(provided by suppliers).

MgO Microsilica
Chemical composition

MgO >91.5% -

CaO 1.6% -

SiO; 2.0% >90%
Al,O3 <0.7% -

LOI 4% <3%

Physical properties
Particle size (%) <74 um 95% min >45 um 1.5% max

Bulk density (kg/dm?) - 0.20-0.35




Table 2 Mix compositions and corresponding curing conditions.

Composition (wt.%) Curing
Sample —— .
MgO Microsilica Coarse aggregates condition
M-S 40 0 60 Sealed
M-C 40 0 60 Carbonated
MS-S 20 20 60 Sealed

MS-C 20 20 60 Carbonated




Table 3 Allocation of mass loss revealed during the thermal decomposition of

samples cured for 28 days, based on the deconvoluted DTG curves.

Mass loss (% of original mass)

Adsorbed _ HMCs
Brucite M-S-H _
Sample water _ _ (dehydroxylation/
_ (dehydroxylation) (dehydroxylation) .
(dehydration) decarbonation)
M-S 2.2 19.9 - -
M-C 2.4 5.1 - 14.2
MS-S 7.3 2.8 6.4 -

MS-C 4.2 0.5 2.2 19.0
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Figure 1 Density of all samples during 56 days of curing
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Figure 2 Compressive strength of all samples subjected to 56 days of curing
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Figure 3 FESEM images of (a) M-S, (b) M-C, (c) MS-S and (d) MS-C samples at 3
days
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Figure 4 FESEM images of (a) M-S, (b) M-C, (c) MS-S and (d) MS-C samples at 28
days
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Figure 5 XRD diffractograms of all samples at 3 days
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Figure 6 XRD diffractograms of all samples at 28 days
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Figure 7 Thermogravimetric analysis results of all samples at 28 days, showing the

(@) TG and (b) DTG plots
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Figure 8 Deconvolution of DTG curves of (a) M-S, (b) M-C, (c) MS-S and (d) MS-C

samples at 28 days



