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Abstract
Magnesia is widely used an expansive agent in construction materials due to its delayed
hydration, which will compensate for the thermal shrinkage. This study investigates
the influence of magnesia and early oven curing on the mechanical performance and
microstructures of alkali-activated natural clay samples under different curing regimes
after 28 days. Microstructural analysis and pHmeasurements were conducted to assess
the strength of the samples. Results indicate that the strength was greatly improved
(in comparison with the control samples) by the incorporation of magnesia due to the
formation of nesquehonite. Meanwhile, oven curing is an effective method in the fast
strength development in alkali-activated natural clay. The results also demonstrated
the possibility of CO2 curing in the strength development of the magnesia-modified
alkali-activated natural clay.
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1. Introduction

Clay or calcined clay are often identified as alternatives to Portland cement (PC) to
form blended binders [1], and the blended binders incorporating PC and (calcined)
clay presented excellent mechanical performance due to the pozzolanic effect of the
precursor [2]. The performance of alkali-activated (calcined) clay samples have been
widely investigated, which are free of PC, due to their low cost and environmental
burdens associated with their preparation [3], and the strength of samples was greatly
improved due to the formation of some hydration products such as calcium (aluminium)
silicate hydrates (C-(A)-S-H) under a high pH environment [3].

Some studies also indicated that using quicklime or magnesia to stabilize the GGBS-
clay binders and reported that the strength of the binders was greatly improved com-
pared with the control clay binders [4], as well as the durability of samples under water
[3] since alkali-activated natural clay showed a relatively weak water resistance.
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In terms of the treatment of alkali-activated binders or geopolymer, the oven curing
has been utilized since it promoted the hydration degree of precursors, leading to a
higher amount of hydration products and improved mechanical performance [22].

Therefore, this study tried to combine the oven curing and reactive magnesia replace-
ment when preparing the alkali-activated natural clay to further improve the hydration
degree of binders as well as the mechanical performance, and the microstructural
analysis was also employed to explain the results.

2. Materials, Binder Preparation and Methods

2.1. Materials and binder preparation

The natural clay used in this study is a type of waste, received from Green INSTRUCT
partner in Poland. The sodium carbonate (Na2CO3) was used to provide a high pH
environment, purchased from Sigma-Aldrich, United Kingdom. The reactive magnesia
(Magnesia GmBH, Germany) was used as replacement of natural clay. After the mixing
of paste, they were poured into 50*50*50 mm cubes, and two curing conditions were
utilized: (1) Normal curing (i.e. room temperature) up to 28 days; (2) Mixed curing: oven
curing (i.e. 80 °C) for three days plus normal curing until 28 days. The mix formulation
can be found in Table 1.

TABLE 1: Mix formulation in this study

2.2. Methodology

The compressive strength was tested after 28 days in triplicates in line with the standard
ASTM C109/C109M-13 with the use of 50-kN Instron 5960 universal testing machine
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under a loading rate of 12.7 mm/min. Then the residuals were ground to powders and
the pH values were measured with the use of calibrated Mettler Toledo pH meter
according to ASTM C25. Prior to each measurement, five grams of fines powders were
intermixed with 100 grams of distilled water and they were mixed for five minutes. In
terms of the microstructural analysis, scanning electronmicroscope (SEM) was also used
via a Zeiss Supra 35VP to explain the strength results.

3. Results and Discussion

3.1. Results

3.1.1. Mechanical performance

The compressive strength values of selected samples are shown in Figure 1. As can be
seen from the figure, the use of magnesia in samples greatly improved the mechanical
performance under normal curing compared with the control group under mixed curing
(early-age oven curing+normal curing), which is related with the low pH values provided
by the sole use of Na2CO3, and meanwhile, in addition to the pH increment, the incor-
poration of magnesia also led to the formation of new hydration phases, contributing
the strength development of samples, which will be elaborated in Section 3.1.2.

Figure 1: A comparison between the compressive strength of selected samples and values from literatures
[3, 5] after 28 days of curing

When comparing the influence of different curing regimes on the mechanical perfor-
mance ofmagnesia-based binders, the involvement of oven curing led to 66.7% increase
of strength compared with binders subjected to normal curing, which is related with
the acceleration of the hydration process of binders under high temperature curing.
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Meanwhile, when comparing the strength reported by literatures [3, 5], the strength
values of clay samples investigated in this study are much higher, which could be
related with different formation of hydration phases, shown in Section 3.1.2.

3.1.2. pH values

The pH values of selected samples are presented in Figure 2. The figure clearly
indicated that the incorporation of magnesia in alkali-activated natural clay samples led
to an increase of pH values, accounting for the activation efficiency of the natural clay
with magnesia replacement irrespective of curing regime. Meanwhile, it is to be noted
that mixed curing caused lower pH values of samples compared with normal curing,
which could be related with the formation of a higher amount of hydration phases due
to the accelerated hydration kinetics, and a larger amount of hydration products formed
would undoubtedly combine or absorb a higher content of OH− in pore solution, which
led to lower pH values of samples under mixed curing.

Figure 2: pH values of selected samples after 28 days of curing

3.1.3. Microstructures

Fig. 3 shows SEM image of M20-OC after 28 days of mixed curing. The extensive
presence of crystals can be referred to the formation of nesquehonite [6], which may
greatly contribute to the strength development compared with C-(A)-S-H (it was widely
reported by other studies [3, 5]), and the chemical reaction of nesquehonite formation
is shown in Equation (1).

Mg2++CO3
2−+3H2O→MgCO3⋅3H2O (1)

The interlocking effects of these fibrous crystals greatly contributed to the strength
development of samples, and due to the 3D nature of these crystals, the nesquehonite
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Figure 3: Microstructure of M20-OC

is more useful in terms of the further improvement of compressive strength compared
with C-(A)-S-H.

3.2. Discussion

3.2.1. Expansion of magnesia

The early-age oven curing may have two-fold influences on the strength development
of alkali-activated samples: (1) it may accelerate the hydration kinetics and improve
the mechanical performance of binder; (2) it is reported that alkali activated binders
may experience shrinkage or micro-cracking [7], and higher temperature curing may
further accelerate this process and lead to inferior mechanical performance, however,
the shrinkage or micro-cracking of magnesia-based group can be alleviated or avoided
by the use of magnesia, which presents a delayed volume expansion of 118% when
MgO is converted into Mg(OH)2, and Figure 4 displays the models [8] that were used to
explain the expansion of magnesia with different reactivity.
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Figure 4: Models [8] used to explain the expansion of magnesia (a) with high reactivity and (b) with low
reactivity

In view of this, early-age oven curing is identified as a useful technique to facilitate
the strength development of magnesia-based samples without severe shrinkage or
micro-cracking.

3.2.2. Potential use of CO2 curing in alkali-activated natural clay binder

Early-age oven curing may accelerate the strength development of alkali-activated
natural clay binder with reactive magnesia replacement, however, this process is still
energy-intensive. Therefore, other techniques such as accelerated CO2 curing may be
used to facilitate the strength development. It is reported that the carbonation of reactive
magnesia would lead to a great strength improvement [6, 9, 10], which is related with
the formation of a series of hydrated magnesium carbonates, meanwhile, the porosity
of samples was greatly reduced and the microstructures of the samples became more
compacted compared with that of un-carbonated samples.
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4. Conclusions

In addition to provide a more alkaline environment, the use of magnesia also provided
additional Mg2+ to form nesquehonite, which contributed to the strength development of
alkali-activated natural clay binders greatly due to the interlocking effect and 3D nature
compared with C-(A)-S-H. Meanwhile, the delayed hydration process of magnesia may
reduce the shrinkage and the occurrence of micro-cracking. Further, in the future, to
reduce the energy consumption, accelerated CO2 curing may be a more eco-friendly
technique to stabilize the natural clay samples.
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