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THE EFFECT OF CARBONATION ON CALCIUM ALUMINATE CEMENT WITH THE ADDITION OF SLAG AND CALCINED CLAY
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ABSTRACT
The durability of calcium aluminate cement in aggressive environments is considered one of its competitive advantages. A property that is attracting additional attention in concrete research today is resistance to carbonation, as cement-based materials play a role as carbon sinks in the carbon neutrality strategy. Previous studies have shown that CAC concrete has a faster carbonation rate compared to OPC concrete. However, there are no consistent conclusions on the effects of carbonation on the properties of CAC and limited knowledge on how SCMs affect the carbonation process when mixed with CAC. The present study focuses on the evaluation of the carbonation resistance of mortar based on CAC without and with the addition of slag and calcined clay. The influence of carbonation was investigated on non-conversion-promoted (cured at 20°C) and conversion-promoted samples (cured at 38°C). The experimental results show that accelerated carbonation has different effects on the microstructure and mechanical properties of CAC without and with the addition of slag or calcined clay.

INTRODUCTION | BACKGROUND 
The durability of calcium aluminate cement is often cited as the greatest advantage of this material1. One of the durability properties raising additional attention in concrete research is resistance to carbonation, due to the implication cement-based materials as carbon sinks have in the carbon neutrality strategy2. In CAC cement, according to the literature, the reaction with CO2 leads to the formation of CaCO3 and AH3 gel, irrespective of the hydrates present1. Alapati and Kurtis3 demonstrated that CAC concrete exhibits a faster carbonation rate in comparison to OPC concrete. Additionally, they showed that the decomposition of primary hydration products due to carbonation can lead to a considerable decrease in compressive strength and capillary porosity. On the contrary, studies of CAC exposed to carbon dioxide during curing at early age showed that it is possible to overcome conversion process by exposing samples to critical carbonation (100% of CO2) or by early carbonation curing4. Studies showed formation of stable hydrates without causing an increase in the porosity of the cement matrix. Overall, however, there is an absence of uniform conclusion on the effect of carbonation on CAC and a limited knowledge about how SCMs impact the carbonation process when incorporated with CAC.
This research is focused on evaluating the carbonation resistance of mortar based on CAC cement without and with the addition of slag and calcined clay. For this purpose, three mixtures were made. 

MATERIALS AND METHODS
The studied samples were produced using calcium aluminate cement with 52.67% of Al2O3 produced by Calucem company from Pula, Croatia. The slag used in this study was industrially milled with a Blaine size 4580 cm2/g, while clay was received as raw material without prior processing. Prior to mixing, the clay was first dried for 24h at 60°C to remove the moisture, then ground (for 90 s) to Blaine size of 5980 cm2/g, and finally calcined at 850 °C for one hour. According to the mass loss (%) from 350 – 600 °C, the calcined clay had 40% kaolinite/illite.
To ensure quantifiable changes in the microstructure of CAC cement, 30% of cement was replaced by GGBFS or calcined clay. Therefore, three mortar mixtures were prepared. One reference mixture with 100% of CAC cement (labelled CAC100), second mixture with 30% replacement with GGFS (labelled CAC70S30) and third mixture with 30% replacement by calcined clay (labelled CAC70C30). The mixtures were prepared according to EN 14647. The influence of carbonation was evaluated on conversion non-promoted (cured at 20°C) and conversion promoted samples (cured at 38°C).
Resistance to carbonation was tested according to EN 12390-12. The depth of carbonation was measured with a phenolphthalein indicator. To assess the impact of carbonation on the mechanical properties, the compressive strength of the samples was tested before and after 56 days of carbonation. To correlate changes in the compressive strength to conversion and phase assemblage changes, microstructure studies were performed by thermogravimetric analysis (TGA) – results showed in the extended abstract, and mercury intrusion porosimetry (MIP), and X-ray diffraction (XRD) – results not shown in the extended abstract.

RESULTS
Carbonation depth was monitored over 56 days of exposure to CO2. Results obtained from carbonation depth measurement are shown in Figure 1. Mixture CAC70C30 20°C exhibited the highest carbonation ingress throughout all testing periods. Mixtures cured at 38°C before carbonation have an overall lower carbonation depth than mixtures cured at 20°C. 
[image: ]
[bookmark: _Ref162944632]Figure 1 Carbonation depth values for all mixtures
This difference also can be seen in, Figure 2, where samples sprayed with phenolphthalein after 56 days of exposure to CO2 are presented. Both GGBFS and calcined clay samples show smaller carbonation depth in the case of samples cured at higher temperature which also can be seen from samples sprayed with phenolphthalein.

[image: ]
[bookmark: _Ref162945830]Figure 2 Samples sprayed with phenolphthalein after 56 days of exposure for all three mixtures: a) 20°C, b) 38°C
Accelerated carbonation had the greatest impact on the change in the compressive strength of the reference mixture for both curing temperatures, Figure 3. 
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[bookmark: _Ref165967792]Figure 3 Compressive strength values before and after 56 days of carbonation compared to compressive strength prior to carbonation
While the compressive strength of non-converted reference mixture cured at 20°C decreased for almost 30% after 56 days of carbonation, the same mixture, which was converted due to curing at 38°C, experienced an increase in compressive strength for almost 40% after carbonation. In the case of mixtures with slag and calcined clay, a slight increase in strength was recorded for all mixtures after 56 days of carbonation, regardless of curing conditions prior to carbonation. Figure 4 shows dTG curves for CAC100, CAC70S30 and CAC70C30 mixture cured at 38°C after 56 days of carbonation.
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[bookmark: _Ref162431327]Figure 4 DTG curves of carbonated CAC100, CAC70S30 and CAC70C30 mixture cured at 38°C after 56 days of exposure
In the case of CAC100 mixture cured at 38°C after 56 days of carbonation, there was a decrease in the peak attributed to stable C3AH6 and AH3 hydrate. For CAC70S30 and CAC70C30 cured at 38°C, lower peak intensity was detected for CAH10 after exposure to CO2, while more C2AH8, decomposing at lower and higher temperatures, was detected after carbonation. In this case, more C3AH6 hydrate was also detected after carbonation, as well as CaCO3 and AH3 hydrate.

KEY FINDINGS
Curing at 38°C for mixtures incorporating slag and calcined clay to CAC based mortar improved resistance to carbonation compared to those samples cured at 20°C. Only a plain CAC reference sample cured at 20°C experienced decrease in compressive strength after 56 days of carbonation, while compressive strength of samples with slag and calcined clay increased after 56 days of exposure to CO2. Mixtures with slag and calcined clay addition did not experience major changes in microstructure after carbonation, which makes these mixtures more stable, in relation to compressive strength, compared to the reference mixture.
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