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Abstract

:

The current study evaluates the influence of the static compaction pressure applied during the casting process on Carbonated Reactive Magnesia Cement-based mortars. For this purpose, mortars, embodying biomass fly ash as filler, were designed and moulded through static compaction pressures of 10, 30, 50, and 70 MPa. The moulded specimens were submitted to an accelerated carbonation curing period of 24 h under controlled conditions. The devised mortars were evaluated through compressive strength tests, and their microstructure was assessed through Mercury Intrusion Porosimetry (MIP), Thermogravimetry and Derivative Thermogravimetry (TG-DTG), and Fourier-transform Infrared Spectroscopy (FTIR) analyses. The results showed that the increment in the static compaction pressure during the specimens’ casting process not only led the mortars to reduce their porosity by up to ~30% and increase their compressive strength by up to ~58% (from 19.8 MPa to 31.2 MPa) but also that such a change seems to hinder the CO2 diffusion into the specimens’ core, thus resulting in a lower content of carbonated products. In addition, the MIP analyses demonstrated that the static compaction pressure applied in the mortar casting process changes the pores’ characteristics, while TG-DTG and FTIR analyses provided evidence that the devised mortars were carbonated to a certain degree. Therefore, this work demonstrated that Carbonated Reactive Magnesia Cement-based mortars are highly influenced by the static compaction pressure applied during the casting process, at least up to a certain value.
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1. Introduction


Carbonatable binders have emerged as one of the alternative binders to Portland Cement-based materials that could assist in the global trend of reducing CO2 emissions [1]. Carbonated Reactive Magnesia Cement (CRMC), which is based on the transition of Magnesia to Hydrated Magnesium Carbonates (HMCs), such as Dypingite (Mg5(CO3)4(OH)2⋅5H2O), Hydromagnesite (Mg5(CO3)4(OH)2⋅4H2O), and Nesquehonite (MgCO3⋅3H2O), through Accelerated Carbonation Curing (ACC) [2,3,4,5], is among this group of binders.



However, the success of the ACC of CRMC-based materials is highly dependent on a wide range of factors, such as the conditions to which the fresh CRMC-based material is exposed (e.g., CO2 environment, curing temperature, period of exposition, and relative humidity), the raw materials’ properties (e.g., Magnesia source, Magnesia calcination history, and type of aggregates used), the blend design (e.g., water content, pH, additives used, and the use of Magnesia replacement), and both geometry and porosity of the fresh material [6]. In addition to the previously mentioned carbonation-curing influencing factors, the compaction pressure on the specimens’ casting process of carbonatable binders is another factor that may significantly influence the compressive strength obtained in this group of binders, mainly due to its influence on the porosity of the material [7]. However, it seems that this approach has not yet been investigated regarding CaO-based materials.



For this purpose, an exploratory approach was developed aiming to investigate how a CRMC-based mortar exposed to ACC behaves when modifications in the static compaction pressure of the casting process are made. A total of 16 specimens were produced and tested for four different static compaction pressures (i.e., 10, 30, 50, and 70 MPa). Moreover, the mixture, the production method, and the ACC conditions were defined based on previous studies [8,9,10], which used a reactive compound (MgO), a waste-based material as filler, and sand as fine aggregate to produce CRMC-based mortars that were moulded through static compaction and cured under pressurized ACC for 24 h under controlled conditions.



With the aim of understanding the CRMC-based mortar development, the devised mortars were then evaluated through compressive strength tests, Mercury Intrusion Porosimetry (MIP) analysis, Thermogravimetry and Derivative Thermogravimetry (TG-DTG), and Fourier-transform Infrared Spectroscopy (FTIR) analyses.




2. Materials and Methods


2.1. Materials


Reactive Magnesia (r-MgO), with the commercial name “Calcined Magnesite 92/200”, was supplied by Richard Baker Harrison Ltd., Liverpool, England. Its reactivity was recorded as 48 s [11], thus classifying it as medium-reactive magnesia [12]. Biomass fly ash (BFA) was used as it was received and consisted of residual energy production material from a burning forestry source, which was supplied by Central de Biomassa do Fundão, Unipessoal LDA, Fundão, Portugal. The fine aggregate used was river sand (RS), supplied by Tabal-Sepor Areias e Argamassas LDA, Salvaterra de Magos, Portugal, which presented a medium particle diameter (D50) of 1.08 mm and a coefficient of uniformity of 3.02. It is important to note that RS was employed in the devised materials to represent their true condition aside from facilitating the CO2 diffusion into the specimens’ core although the use of fine aggregates is known to cause quartz contamination that, in turn, may lead to awkwardness in phase identification.



The raw materials’ oxide composition is displayed in Table 1, which was estimated through Energy-dispersive X-ray spectroscopy (EDX) analysis (S-3400N Spectrometer, Hitachi, Tokyo, Japan). The raw materials’ physical properties, namely true density, Blaine fineness, and Loss on Ignition (LOI), are shown in Table 2. The true density was determined through a helium gas displacement pycnometer equipment (AccuPyc 1330, Micromeritics, Norcross, GA, USA). The Blaine fineness of the powders (r-MgO and BFA) was determined using a Blaine air permeability apparatus (BSA1, Acmel Labo, Champlan, France). The LOI was obtained through TG-DTG analysis (SDT Q-50, TA Instruments, New Castle, DE, USA).




2.2. Mixture Design and Production of Specimens


The mixture labels are presented in Table 3, and they consist of a binder-to-sand volume ratio of 1:3, a water-to-solids-in-the-binder mass ratio of 0.41, where the solids in the binder are composed of r-MgO and BFA in a volume ratio of 2:3. Four cubic-shaped specimens with 40 mm edge were produced for each mixture label based on the methodology described in recent studies [8,9,10]. A pressurised ACC chamber of approximately 75 litres was used, and an initial partial vacuum pressure of 0.2 bar was applied. Afterwards, the following ACC conditions were provided: CO2 concentration > 99%; CO2 partial pressure = 0.7 bar; T = 60 ± 2 °C; relative humidity (RH) > 99%; and AAC period = 24 h. Following the AAC period, the CRMC-based specimens were immediately stored in lab room conditions (20 ± 2 °C and an RH of 60 ± 5%) for 24 h to cool them before compressive strength testing.




2.3. Assessment of the CRMC-Based Mortars Developed


Compressive strength tests were carried out through uniaxial loading in triplicate, and their average was reported. A compression machine with digital readout and self-centering platens, operated at a constant loading rate of 1.35 kN/s, was used (ADR Touch 3000 BS EN, ELE International, Leighton Buzzard, UK). The tested material was collected for further microstructural investigations (TG-DTG and FTIR analyses). MIP analyses were performed using a mercury porosimeter (AutoPore IV 9500, Micromeritics, Norcross, GA, USA), with maximum and minimum applied pressures of ~34,000 psia and ~0.5 psia, respectively, thus corresponding to a minimum pore size of 5 nm and a maximum pore size of 345 µm. A mercury surface tension of 480 mM/m was applied. Mercury-solid contact angles for intrusion and extrusion were defined as 130° and 104°, respectively. Specimen fragments with a mass range of 1.50–1.90 g were obtained by sawing the specimens that were not subjected to the compressive strength test to acquire more accurate data for MIP analysis [13]. Before being tested, these fragments were stored in a glass desiccator containing silica gel for seven days to ensure the removal of moisture and ensure the effectiveness of the test. TG-DTG analyses were performed from ambient temperature (20 ± 2 °C) to 1000 °C at a heating rate of 20 °C/min under nitrogen flow (SDT Q-50, TA Instruments, New Castle, DE, USA). The material tested consisted of ~7 mg of particles passing through a 63 µm sieve, which were first submitted to a drying stage of 24 h at 60 °C to avoid the overlapping effect of free water release with the dehydration step in the TG-DTG curves. FTIR data were obtained by recording the infrared spectrum from 600 to 1600 cm1 using a FTIR Spectrometer apparatus (Nicolet iS10 with a Smart ATR accessory, Thermo Fisher Scientific, Waltham, MA, USA).





3. Results and Discussion


The average compressive strength results of each mixture label are shown in Figure 1 and Table 4. The specimens reached a compressive strength of 19.8 MPa to 31.2 MPa. It was noticed that a change in only one parameter of the casting process can enhance the compressive strength results by ~58% when comparing M.P-10 with M.P-70. However, it was also observed that the degree of enhancement in compressive strength reduces as the static compaction pressure of the casting process increases. Thus, when comparing the M.P-50 with M.P-70, the compressive strength gain was only 1.5%. Therefore, it must be highlighted that the static compaction pressure applied in the casting process plays an important role in the strength development of CRMC-based materials but this strength gain may be almost negligible for static compaction pressures above 50 MPa. Similar behaviour was observed in steel slag-based CO2-cured pastes [7]. Furthermore, the calculated standard deviation of the compressive strength results indicates that the materials devised for this study exhibit a high degree of homogeneity.



The porosity and other parameters obtained throughout the MIP analysis are summarized in Table 5 and shown in Figure 2.



The analyses revealed that the mixture labels hold different porosity indices ranging from 15.80% to 22.34%. These results show that for the range of compaction pressure applied in the mortars’ casting process of this study, higher values of static compaction pressure led to lower porosity indices and higher compressive strength results, as shown in Figure 2a. The M.P-30, M.P-50, and M.P-70 mixtures presented similar indices of mesopores, macropores, and air voids/cracks, while M.P-10 exhibited a much higher index of air voids/cracks, a lower index of macropores, and a similar index of mesopores than the rest (Figure 2c). Thus, such behaviour indicates that the compaction pressure applied in the mortars’ casting process affects the pore typology up to a certain degree and acts especially on the transition of air voids/cracks to macropores and scarcely affects the increment of the mesopores index. Regarding the critical diameter (∅c), the results show that M.P-10 presented a much higher value than the other mixtures (M.P-10 = 25.6 µm; M.P-30 = 12.4 µm; M.P-50 = 5.4 µm; M.P-70 = 11.8 µm), where such behaviour seems to be related to the lower static compaction pressure applied in the casting process. Interestingly, M.P-50 exhibited a critical diameter about two times lower than the one observed in M.P-70. Such behaviour may be attributed to the BFA pores since a peak in this diameter size is also present in other mixtures. The biomass fly ash was used as it was received, so differences in the pore structure of the raw materials may be found. Therefore, MIP results demonstrated that the static compaction pressure applied during the casting process plays an important role in the mortar’s porosity index and in the characteristics of its pores which, in turn, affect the compressive strength results.



The TG-DTG analyses (Figure 3) show that the mass loss of the devised materials was gradual, reaching the highest mass loss rate at a temperature range between 300 and 550 °C (Table 6). In this temperature range, the M.P-10 mixture had the highest index of mass loss (~15%), while the M.P-30, M.P-50, and M.P-70 lost ~12, 10, and 9% of their initial masses, respectively. Interestingly, the mass loss for this temperature interval does not follow the typical behaviour of compressive strength development in CRMC-based materials, since the mixture labels with lower compressive strength results had higher mass losses in the region of ~300–550 °C, thus indicating that more HMCs and carbonates were formed in these mixtures, probably due to the higher porosity index in the fresh moulded specimen thanks to the lower static pressure applied in their casting process. The DTG curves (Figure 3a) exhibit two initial peaks, which are attributed to the free water evaporation and dehydration of water bound to the HMCs [15,16,17]. The region between 300 and 550 °C presents a higher peak at ~420 °C, which refers to the overlapping curves of the dehydroxylation of Brucite [15,18,19] and Dypingite [15,18], as well as the decarbonisation of Hydromagnesite [20] and Nesquehonite [15,18,21], whereas the smaller peak at ~460 °C and the mass loss in the range of 450 to 600 °C correspond to the decarbonisation of Magnesite [19,22] and/or of undefined HMCs [4]. In turn, the last peak may be caused by the decarbonisation of Calcite and/or amorphous carbonates [23,24,25]. Finally, the TG-DTG analyses indicate that the four designed mortars were carbonated to a certain degree, in which the magnesia hydration and carbonation seem to be favourably affected by using a lower static compaction pressure in the casting process since the mass loss in the temperature range of 300−550 °C is higher as the applied static compaction pressure is lowered. Such a trend may occur due to a lower porosity index which negatively influences the CO2 diffusion into the core of the designed materials, thus hindering the formation of HMCs.



The recorded FTIR spectra data of the four mixtures are exhibited in Figure 4. Despite the low intensity of the observed bands that may be attributed to the low MgO content (10 vol. %), some considerations may be made as follows: the absorbance bands located at ~680, 855, 880, 1420, and 1485 cm−1 indicate the presence of HMCs such as Nesquehonite, Hydromagnesite, and Dypingite [26,27,28,29], while the bands at ~720 and 1460 cm−1 could be attributed to the presence of Lansfordite [28]. Therefore, these absorbance bands may indicate that part of the r-MgO in the mixture was carbonated to a certain degree. Furthermore, the unidentified absorbance bands located between 800 and 1200 cm−1 may be due to the presence of MSH gels [30], which, along with the HMCs, tend to fill the cementitious matrix voids contributing to the enhancement in compressive strength [26].




4. Conclusions


This work presented how CRMC-based mortars behave when changes in static compaction pressure on their casting process are made. For this purpose, the compressive strength of the developed mortars was evaluated, and MIP, TG-DTG, and FTIR analyses were carried out. Therefore, the main contributions of this study are as follows: higher values of static compaction pressure used during the casting process resulted in higher compressive strengths for the mortars developed and lower formation of HMCs. However, as the static compression pressure increases, the strength gain decreases, thus making it almost ineffective when applied at pressures greater than 50 MPa (i.e., M.P-70). MIP results showed that the static compaction pressure applied during the casting process of the devised mortars plays an important role in the porosity index and characteristics of the pores, thus affecting the results of the compressive strength obtained. TG-DTG and FTIR analyses indicated that the devised mortars were carbonated to a certain degree. More studies related to the microstructure, such as X-ray diffraction (XRD), and Scanning Electron Microscopy (SEM) with Energy Dispersive X-Ray Analysis (EDX) on the devised mortars analyses, should be carried out to better understand these materials.



Finally, the casting and the accelerated carbonation curing processes established and used in this study limit the suitability of the created mortars to the production of pre-cast building materials only.
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Figure 1. Static compaction pressure (SCP) vs. compressive strength (CS). 
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Figure 2. (a) Static compaction pressure (SCP) vs. compressive strength (CS) and porosity; (b) Cumulative intrusion (CI) vs. pore diameter; (c) Pores typology (%); (d) Log differential intrusion (LDI) vs. pore diameter. 






Figure 2. (a) Static compaction pressure (SCP) vs. compressive strength (CS) and porosity; (b) Cumulative intrusion (CI) vs. pore diameter; (c) Pores typology (%); (d) Log differential intrusion (LDI) vs. pore diameter.
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Figure 3. (a) TG curves; (b) DTG curves. 
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Figure 4. FTIR curves. 
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Table 1. Oxide composition.






Table 1. Oxide composition.





	
Raw

Material

	
Oxide Composition




	
Na2O

	
MgO

	
Al2O3

	
SiO2

	
P2O5

	
SO3

	
Cl-

	
K2O

	
CaO

	
TiO2

	
MnO

	
Fe2O3






	
r-MgO

	
-

	
93.3

	
-

	
1.6

	
-

	
-

	
-

	
-

	
3.5

	
-

	
-

	
1.6




	
BFA

	
1.6

	
5.7

	
20.3

	
35.1

	
2.4

	
2.7

	
0.5

	
8.9

	
14.9

	
0.7

	
0.7

	
6.3




	
RS

	
3.3

	
0.7

	
13.2

	
76.5

	
-

	
-

	
-

	
3.4

	
1.4

	
-

	
-

	
1.6
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Table 2. Physical properties.






Table 2. Physical properties.





	
Raw

Material

	
Physical Properties




	
True Density (g/cm3)

	
Blaine Fineness (cm2/g)

	
LOI (%) at 1000 °C






	
r-MgO

	
3.0

	
6263

	
10.4




	
BFA

	
2.3

	
4029

	
7.5




	
RS

	
2.6

	
-

	
3.7
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Table 3. Mixture labels.
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Mixture Label

	
Raw Material (vol. %)

	
w/b

	
Static Compaction

Pressure (MPa)




	
r-MgO

	
BFA

	
RS






	
M.P-10

	
10.0

	
15.0

	
75.0

	
0.41

	
10




	
M.P-30

	
30




	
M.P-50

	
50




	
M.P-70

	
70
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Table 4. Compressive strength results.






Table 4. Compressive strength results.





	
Parameter

	
Mixture Label




	
M.P-10

	
M.P-30

	
M.P-50

	
M.P-70






	
Compressive strength (MPa)

	
19.79

	
27.50

	
30.75

	
31.21




	
Standard deviation (MPa)

	
0.32

	
1.19

	
0.62

	
1.34




	
Compressive strength

enhancement/weakening (%)

comparing with

	
M.P-10

	
−

	
38.96

	
55.38

	
57.71




	
M.P-30

	
−28.04

	
−

	
11.82

	
13.49




	
M.P-50

	
−35.64

	
−10.57

	
−

	
1.50




	
M.P-70

	
−36.59

	
−11.89

	
−1.47

	
−
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Table 5. MIP results.
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Parameter

	
Mixture Label




	
M.P-10

	
M.P-30

	
M.P-50

	
M.P-70






	
Porosity (%)

	
22.34

	
18.99

	
16.90

	
15.80




	
Average pore diameter (µm)

	
0.07

	
0.05

	
0.06

	
0.05




	
Critical diameter (µm)

	
25.60

	
12.36

	
5.38

	
11.76




	
Bulk density at 14.50 psia (g/mL)

	
2.11

	
2.08

	
2.11

	
2.13




	
Apparent (skeletal) density (g/mL)

	
2.45

	
2.48

	
2.48

	
2.47




	
Pores

typology (%)

[14]

	
Mesopores (0.002−0.05 µm)

	
19.44

	
23.64

	
22.11

	
22.03




	
Macropores (0.05−10 µm)

	
33.56

	
53.06

	
60.80

	
57.41




	
Air voids/cracks (≥10 µm)

	
47.00

	
23.30

	
17.09

	
20.56
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Table 6. Mass loss (%) in TG-DTG.
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Mixture Label

	
Mass Loss (%) in TG-DTG by Temperature Range




	
25−300 °C

	
300−550 °C

	
550−1000 °C

	
∑






	
M.P-10

	
5.19

	
14.63

	
2.09

	
21.92




	
M.P-30

	
4.07

	
11.77

	
1.63

	
17.47




	
M.P-50

	
3.66

	
10.41

	
2.10

	
16.17




	
M.P-70

	
3.34

	
9.43

	
2.28

	
15.05
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