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Abstract

In the course of an investigation on using calcium stearate (CaSt) to improve performance of the
alkali-activated slag (AAS) cement, the objective of the present work is to discovery its role in the AAS
system. Special interest is devoted to understand the influence of CaSt on the reaction process, reaction
products and microstructural features of the AAS cement. To achieve this, isothermal calorimetry,
impedance characteristics, infrared spectroscopy, X-ray diffraction, thermogravimetry, nitrogen sorption,
mercury intrusion porosimetry and scanning electron microscopy were carried out. According to results
obtained, the CaSt has three important effects on the AAS cement. Firstly, it inhibited slag reaction with the
activator through decreasing activity of alkalis, whereas the amount of C-(A)-S-H gels in the system
depended on the usage of CaSt, because the CaSt could have chemical reactions from the alkali-solution and
form similar reaction products. Secondly, there is less sodium and more calcium in reaction products of the
CaSt added mix, which improve their stability and uniformity. Finally, microstructure characteristics (e.g.
pore size distribution, pore connectivity) are optimised and defects are reduced significantly, when the CaSt
is added in the AAS mix.

Keywords. alkali-activated slag cement, activation Kkinetic, calcium stearate, reaction products,
microstructure

1.Introduction

Global warming seems to happen faster than we think [1]. Around 5% of anthropogenic CO, emissions are
caused by the manufacture of Portland cement [2]. Although the proportion of blended cements with lower
clinker ratios will keep increasing globally over the last 3 decades [3], it is still difficult to achieve the target,
1.55 Gtpa (gigatonnes per annum) in 2050, recommended by the International Energy Agency (IEA). One
reason is that the global demand for cement keeps growing in the near future according to the prediction
from the World Cement Association [4,5]. In order to reduce CO,-emissions, activating industrial
by-products that are rich in aluminium and silicon oxide with alkaline to produce clinker-free binder is a
promising approach [6-8], especially for steel industry giants such as China [7].

Alkali activation of ground granulated blast-furnace slag (GGBFS) can be defined as a coupled
chemical-physical process by dissolution of aluminosilicate vitreous structures in a high pH solution to
generate new products forming the rigid skeleton [9]. It can be achieved by different salts under normal
temperature. Traditionally, the lime is used, but not widely accepted in the construction industry due to slow
strength development [10]. One promising way is to activate with sodium (potassium) carbonate [11],
hydroxide or preferably by sodium silicate (water glass) [12], giving suitable alkaline reaction in solution.
The principle of the alkali-activation of slag has been known for more than 70 years [13] and the increasing
interest in this material has given rise to numerous published reviews and research papers [14-16].

However, even today it remains surprisingly difficult to unambiguously use this binder at an industrial scale.
This is in part due to the fact that several classical theories that have been useful in establishing the
properties of PC cannot give sufficiently reliable predictions when applied to AAS. Another very real source
of difficulty is that the wide range of admixtures developed for PC lost their functions in this system. It
means some undesirable performance, such as high shrinkage [17], susceptibility to cracking [18], rapid
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carbonation [19], high water sorptivity and air permeability [20], cannot be solved by conventional and
relatively straightforward techniques. Without in-depth scientific and technical understandings, practical
application and social acceptance of AAS are limited despite certain outstanding performance for this low
carbon green binder. One dominant feature of the AAS cement is the high risk to form microcracks in
reaction products [21]. For this reason, controlling water and gas transport properties, e.g. air permeability
and water sorptivity, is not easy with the present knowledge.

As shown by some researchers (e.g. Ge [22], He [23] and Maryoto [24]), calcium stearate (CaSt) is one type
of admixtures for the PC system which can adjust the hydration and significantly improve water resistance.
Inspired by possibilities of achieving analogous results in AAS, our previously work [25] suggested that
CaSt is able to reduce the sorptivity of the AAS cement through optimising microstructure and introducing
the hydrophobic film. In that study, macroscopic and microscopic experimental observations have been
carried out, and apparent mechanisms are described. However, the main origin of the optimised performance
of AAS using CaSt was not given and it is supposed that the improved performance would be the result of
changes of the alkali-activation process, characteristics of reaction products and microstructure features.
Following the previous work, this study intends to clarify the influence of CaSt on the AAS system. In order
to achieve this aim, samples of alkali-activated slag with CaSt were prepared along with AAS and PC
samples without CaSt as the reference group. Isothermal calorimetry, impedance characteristics, infrared
spectroscopy, X-ray diffraction, thermogravimetry, nitrogen sorption, and scanning electron microscopy
were carried out.

2. Experimental programme
2.1 Raw materials

Calcium stearate (CaSt), produced by Chengdu Kelong chemical reagent company, has a density of
1.08g/cm’ and the particle size ranging from dozens of nanometers to several microns. Its microscopic
feature is shown in Figure 1.

Ground granulated blast-furnace slag (GGBFS) from Chongging Iron and Steel Company was used to
prepare AAS specimens. After grounding in a ball mill and vibromill, the GGBFS has the specific area of
505 m?/kg (Blaine fineness) and the density of 2.95 g/cm’. The PC confirming to the Chinese National
Standard GB175-2007 [26] was used to manufacture the comparison specimens as well. Its Blaine fineness
and density were 350 m*/kg and 3.15 g/cm’. Table 1 summarises the chemical compositions of the GGBFS
and PC.

In this study, the GGBFS was activated by the water glass (liquid sodium silicate) with a modulus 1.5
(n=Si0,/Na,0). The alkali solution was prepared by mixing the NaOH solution and water glass (WG) in a
pre-calculated ratio (12.2% Na,O, 30.2% SiO, and 46.5% H,O by mass). In order to avoid potential
influences of dissolution heat on experimental results, the alkali solution was placed in a room at a constant
temperature of 20 (x1) °C for 2 hours prior to mixing.

2.2 Sample preparation

Table 2 gives the mix proportions of AAS and PC samples. In order to reduce local differences, CaSt and
GGBFS were premixed in mortar mixer for 60 seconds, after which the alkali solution was added and mixed
for another 180 seconds. Specimens were compacted on a vibration table until no air bubbles appeared on
the surface and then covered with thick polythene sheets to prevent moisture loss. All specimens were
demoulded after one day and placed in the standard curing room (20 (+2) °C, relative humidity (RH) > 95%)
until the test age.

Two types of specimens were manufactured, @50 mmx100 mm cylinders and 40x40x40 mm”® cubes. The
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cylindrical specimens were used to extract the pore solution, while the cubic specimens were used for
measuring the bulk electrical conductivity and microstructure analysis. The 28-day compressive strength,
which had been analysed in our previous work [25], is also given in Table 2.

2.3 Test Methods

2.3.1 Isothermal calorimetry

The heat of reaction of AAS and PC samples was assessed using TAM AIR isothermal heat conduction
calorimeter. The heat release was measured by comparation between an active (sample) and an inert (sand)
cell, both equipped with heat flow sensors. Paste samples with a mass of 15 g were tested. All raw materials
were stored at the temperature of 20 °C for 24 hours before mixing. Manual mixing was applied for around
90 seconds with a rod. After this, the sample was placed to the bottom of the measurement cell and then, the
samples were directly placed inside the calorimeter. The measurement was carried out every 2 minutes for
120 hours.

2.3.2 Bulk électrical conductivity

The resistivity of paste samples was measured by an LCR bridge (Thonghui LCRbridge-TH2822) using a
two-point uniaxial method. Prior to measurements, moisture on the sample surface was removed by a dry
towel and samples were placed between two thin parallel metal plates. Two saturated sponges were placed
between the metal plate and the specimen in order to achieve an effective contact. Alternating current (AC)
with a frequency of 1 kHz was applied to reduce the effect of polarisation. The impedance from the
measurements was converted to resistance and the electrical resistivity was calculated using Equation (1):

A

o=( I:e(otal - Rsponge) I_ (D

where O is the electrical resistivity (€2-m); R, is the resistance of a specimen and sponges (€2 );

is the resistance of the sponges ({)); A is the cross-section area of a specimen (mz); | is the length
pong P g

of the specimen (m). The resistivity was converted to the conductivity for later analysis.

2.3.3 Pore solution analysis

At the age of 3, 7, 14 and 28 d, the pore solution of paste samples was extracted under a constant pressure of
407.6 MPa (800 kN on 1962.5 mmz) for 45 minutes. Three specimens were extracted for each mix to ensure
the enough pore solution (about 15 ml) can be collected. It is noticed that the strength of specimens at the
age of 28 d was so high that little pore solution was collected after the first extraction. Therefore, the second
extraction was carried out after crushing the compacted paste. The electrical conductivity of the pore
solution was measured immediately using a conductivity probe (Multi 3410 from Germany WTW). The
process was taken at a constant room temperature of 20 °C to minimise the influence of temperature on
electrical conductivity. Ion concentration of pore solution at the age of 28d was examined by inductively
coupled plasma optical emission spectroscopy (America Thermo from ICP-OES). More details could be
obtained in our previously studies [25].

2.3.4 Fourier transform infrared spectroscopy (FTIR)

In order to determine the chemical groups in reaction products, fourier transform infrared analysis was

carried out using the KBr pellet method (1 mg sample per 100 mg KBr). The instrument (SDXC from

America Nicolet) with 32 scans per sample collected from 4,000 to 400 cm™ at 1 cm™! resolution was set for

FTIR measurements. The 28-day paste samples were dried in a blast air oven (Temperature: 40 °C, RH: 20%)
for 3 days. Then, the samples were crushed and ground into powders (particle size less than 75 um) for

FTIR tests.

2.3.5 X-ray diffraction (XRD)
Powder samples (curing for 28 days) obtained by the method described above were tested using the XRD. A
PANalytical’s XPert Pro X-ray diffractometer with nickel-filtered Cu Kal radiation 1.5405 A, 40 kV voltage
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and 40 mA current with scanning speed of 2°/min was used to identify crystalline phases presented in the
samples. The scanned range was between 10° to 80° (26).

2.3.6 Thermogravimetric analysis (TGA/DSC)

The TGA/DSC was tested using STA250 (Netzsch, Germany). Samples (curing for 28 days) were crushed,
transferred immediately to an alumina crucible and were held under isothermal conditions for 30 min at 20
°C to equilibrate in a nitrogen environment. The temperature was raised from the room temperature (20 + 1
°C) to 1000 °C with a rate of 5 °C/min. The weight change was monitored.

2.3.7 Nitrogen sorption test (NST)

The nitrogen sorption test was carried out using the Micrometrics ASAP 2020 Automated Surface Area
(Micromeritics Instrument Ltd., America). Paste samples were crushed to particles with the size of about 2.5
mm. The air (water) desorption was performed at 100 °C for typically 24 h. The total pore volume was
derived from the amount of vapor adsorbed at a relative pressure close to unity. Surface areas were
calculated from the isotherm data using the Brunauer-Emmet-Teller (BET) method [27], while mesopore
diameter distributions and cumulative pore volumes were determined through the Barret-Joyner-Halenda
(BJH) method [27] using desorption data.

2.3.8 Scanning el ectron microscopy (SEM)

The features of reaction products were assessed by an emission scanning electron microscopy (TESCAN
VEGA 3 LMH). The samples were coated with gold to enhance the conductivity. Observations were
undertaken at an accelerating voltage of 20 kV with a secondary electron (SE) detector. An energy
dispersive spectroscopy (EDS, Oxford instrument) detector at the point scanning mode was used to
determine elements in the reaction products.

3. Results and discussion

3.1 Reaction process

3.1.1 Isothermal calorimetry (1C)

The heat flow and cumulated heat release of AAS mixes and PC are given in Figure 2. It can be seen from
Figure 2-a that comparing to the PC, AAS control group has a shorter exothermal activity peak (between 11
and 18 hours). This observation agrees with the higher compressive strength of AAS as shown in Table 2, as
the short exothermal activity can reflect fast chemical reaction for the binder system. For the AAS mixes
with CaSt, similar exothermal activity peaks could be found, but their compressive strength is not as high as
the AAS without CaSt. This is due to the fact that CaSt can introduce more closed pores in AAS matrix [25].
Figure 2-b shows that the cumulated heat release of AAS groups are lower than that of PC group, similar to
the results reported by Gruskovnjak et al. [28]. This feature associated with the fact that diffusion is the
mechanism which controls the alkaline activation process after the induction period [29] and the induction
period of AAS generally comes earlier and lasts shorter than PC (as shown in Figure 2-a), leading to a low
chemical reaction speed of AAS and cumulated heat release. It is also found that the influence of CaSt on the
heat of AAS cement reaction is not significant, except for AAS-45-8%, which gives a slight decrease of
cumulative heat beyond 30 hours.

3.1.2 Impedance characteristics and ion concentration

Figure 3 plots the electrical conductivity of the pore solution and the paste samples. From Figure 3-a, it can
be seen that at the initial period age, the pore solution electrical conductivity of AAS is much higher than
that of PC, while the difference between PC and AAS is not significant until 28 days. This feature is not
surprising. As shown in previous studies [30], the concentration of ions in the pore solution of PC increased
with age because of the releasing ions from hydration reactions, while ions (mainly Na*, OH’, SiO42') in the
pore solution of AAS were consumed by chemical reactions between alkali-activator and GGBFS [31]. An
opposed trend of pore solution electrical conductivity is found for the bulk conductivity of AAS, which is
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shown in Figure 3-b. This is due to the fact that pore structure of AAS is dense and tortuous, resulting in
lower bulk electrical conductivity. Detailed discussion is given in our previous work [25] and other
researchers’ studies, e.g. Ma et al. [32], Song et al. [33] and Rodriguez et al. [33].

Comparation between the results of AAS samples with and without CaSt shows an interesting phenomenon.
The pore solution conductivity of AAS decreased after adding CaSt, while the values of AAS-45-4% and
AAS-45-8% stay close to each other. The magnitude of pore solution conductivity depends on a number of
factors, e.g. ion concentration, temperature and electrolyte [34]. Since the temperature of the solution was
maintained at a constant level (20 °C) in this study, variations induced by CaSt should be caused by changes
in other factors. To explore the influence of these factors, Table 3 gives the ion concentrations of pore
solutions obtained from 28-day AAS samples. It is clear that AAS-45-4% and AAS-45-8% have higher Na*
and Ca®* concentrations than that of AAS-45-0% and this trend is opposed to their low pore solution
conductivity, since in general the higher the concentration of ions in solution, the bigger its conductivity
should be [35]. In order to understand the features shown in Figure 3-a, two additional factors, nature of
electrolytes and mobility of ions in the pore solution, should be considered. It is known that the conductivity
of the pore solution can be estimated from the concentration of ions and molar conductivity (the
conductivity of a solution of unit concentration) [35]. The pore solution of AAS-45-0% only contains strong
electrolytes (Na', Ca2+, OH and SiO42'), which means that its molar conductivity generally decreases
slightly as the molar concentration increases. In contrast, addition of CaSt might introduce a potential (weak)
electrolyte and the characteristic behaviour exhibited is that the molar conductivity of CaSt decreases in a
very remarked manner with increasing its concentration. The CaSt is only partially ionised in the pore
solution so the number of free ions depends on the concentration in a complicated manner. The conductivity
depends on the number of free ions in the solution so for the two CaSt added mixes, it would rely on the
degree of dissociation. In other words, the molar conductivity of CaSt decreases rapidly with increasing
concentration. Thus, the degree of dissociation should decrease as the CaSt amount increases, and the
conductivity of pore solution in the CaSt mixes decreases. Secondly, the transport of ionic species through
the pore solution depends on the mobility of ions and the conductivity of pore solution may not be exactly
proportional to the number of present ions. As such, the speed of ions’ movement has to be considered
during the analysis of solution conductivity. Two forces are felt by the ions as they migrate through the pore
solution, including an electrical force and a frictional retarding force. The two forces act in opposite
directions and once they become balance, the ions in the pore solution would exhibit a net drift speed, which
is defined as the ionic mobility [36]. The ionic mobility depends on the size of the moving ions (via the
solvated radius), their charge and on the physical properties of the pore solution (via the viscosity [37]). In
this study, CaSt was added into the AAS mixes, which is supposed to not only introduce a weak electrolyte
but also provide another negative mobile charge ion, C;7H35COQO" (the stearate anion). This means that
another influencing factor for variation of the pore solution conductivity in the AAS with CaSt is the
increase of the solvated radius (C;7H3sCOQ"). Hence, the ionic mobility was decreased by CaSt that
naturally leaded to a low conductivity.

Further analysis of the pore solution conductivity (Figure 3-a) and the concentration of Na* and Ca** (Table
3) reveals three additional features. The first one is the difference in the pore solution conductivity, which
could partially reflect the alkali-reaction process in these AAS mixes. The second is the increase of Na"
concentration in the pore solution of CaSt added mixes (shown in Table 3). As the initial sodium content is
the same for the AAS mixes tested in this study, the high concentration of Na* in the pore solution means
that there would be less sodium and more calcium in the reaction products, as the accessible porosity of
AAS with and without CaSt is close to each other [25]. It is believed that the characteristics of reaction
products in the AAS have been modified by CaSt. The third one is the variation in Ca®* that indicates
interaction between CaSt and the reaction process in the AAS. The Ca** in the pore solution may come from
two sources-the dissolution of CaSt and decomposition of GGBFS. According to the results from TGA/DSC,
it is believed that the Ca*" mainly came from the CaSt (discussed in 3.2.3). That is, the alkali-activation
process was modified by CaSt to some degree, whereas these potential changes could not be clearly detected
using isothermal calorimetry measurements (shown in Figure 2).
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Figure 3-b shows that the bulk electrical conductivity of AAS-45-4% and AAS-45-8% was further reduced.
This could be the combined result of the decrease of the pore solution conductivity and the low pore
connectivity, as reported in the previous work [25].

3.2.1 X-ray diffraction (XRD)

The XRD results of PC and AAS samples after being cured for 28 days at a controlled environment are
given in Figure 4. It should be pointed out that most chemical reaction products in the AAS samples are
C-(A)-S-H gels with amorphous structure, so it is difficult to clearly identify these products due to the
influences of background noises. And the XRD results were used to provide certain qualitative indications,
especially for the crystal reaction products in the AAS mixes with CaSt. According to Figure 4-a,
mineralogical characterisation of the reaction products of PC paste shows presence of crystalline portlandite,
C-S-H, ettringite and calcite. For AAS pastes, the humps around 30° and 49.5°attributed to C-(A)-S-H can
be found. In addition, calcite (CaCOs3, 20 = 29.41°, 39.40° and 43.15°), vaterite (CaCO3, 20 =27.05°, 32.78°
and 50.08°) were detected in the AAS groups as well.

Figure 4-b plots the detailed XRD results of AAS with and without CaSt between 20° and 40°. The
diffraction curves indicative for calcium carbonate in the AAS with CaSt are not as intense as the control
AAS group’s, especially for vaterite, which would convert to calcite as the reaction proceeds according to
the Ostwald Step Rule [38]. This indicates that the carbonation rate of the AAS samples with CaSt might be
slowed. Another important indication in Figure 4-b is the difference in the intensity of peaks of X-ray
diffractograms around 30°, which offers some indication of the ordering degree of C-(A)-S-H gel [39]. More
specifically, the intensity of AAS-4% around 30° is lower than that of AAS-45-0%, while that of AAS-8% is
higher. In order to clarify the influence of CaSt on the ordering degree of C-(A)-S-H, the obstruction from
the disturbance of calcite cannot be ignored for its characteristic peaks overlapping with that of C-A-S-H gel.
The higher intensity of AAS-45-8% around 30° along with its lower carbonation rate (also detected by FTIR
and TGA result), indicates that ordering degree of C-(A)-S-H was improved by CaSt. While the relatively
low intensity of AAS-45-4% could be attributed to more calcite formed during sample preparation in
AAS-45-0%, which did show the strongest signals of vaterite in Figure 4-a. The result also highlights that
ordering degree of C-A-S-H in AAS-45-8% is higher than that of AAS-45-4%. In addition, the higher Na*
concentration in the pore solution of CaSt added mixes and less sodium in reaction products also give
indirect evidences. As shown in experimental results from Ye et al. [21], Lothenbach and Nonat [40],
sodium can be taken up in the interlayer space preferentially at low calcium concentrations and high pH
values, and the less sodium could improve the regularity of the stacking of the C-(A)-S-H layers.

3.2.2 Fourier transform infrared spectroscopy (FTIR)

FTIR was carried out to estimate the relative quantity of reaction and chemical reaction products by
differentiating the typical wave numbers and corresponding transmittance. Figure 5-a shows the infrared
spectra of AAS and PC samples at the age of 28 days. The main difference bestween PC and AAS is that the
band at 3654 cm™" in the PC sample cannot be found in the AAS groups. This wave number relates to the
O-H stretching of portlandite [41] and the result suggests the absence of portlandite in the AAS mixes. In
addition, three bands at 1471 cm'l, 1419 cm'l, and 876 cm™' can be found in all samples, which correspond
to the anti-symmetric stretching and out-of-plane bending modes of CO5> ions [41].

Further comparison of the results between the AAS samples with and without CaSt highlights two additional
absorptions, around 2918 cm™ and 2850 cm™. The two absorptions can be assigned to the asymmetric and
symmetric stretching vibrations of the CH, group [42]. In order to illustrate the impact of CaSt, details at the
range from 1600 to 400cm™ are given in Figure 5-b, from which three distinguishing features for AAS with
CaSt could be identified. Firstly, two additional adsorption peaks, 1578 and 1541 cm™, can be found in
AAS-45-4% and AAS-45-8% that correspond to COO™ in CaSt [42] and the transmittance of AAS-45-8% is
higher than that of AAS-45-4% due to more CaSt added. Secondly, the low intensity of the bands at
1471,1419 and 876 cm™! for the AAS with CaSt (AAS-45-4% and AAS-45-8%) can be observed, which
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indicates that relatively limited carbonation products can be found in these two groups. Lastly, the intensity
of the C-(A)-S-H bands (974 and 453 cm'l) depends on the amount of CaSt added in the AAS mix. More
specifically, the quantity of C-(A)-S-H gels in AAS-45-4% is close to the AAS control group, while the
AAS-45-8% would have less gels than that in the other two mixes. Overall, the results shown in Figure 5-b
suggests that the CaSt would affect the characteristics and quantity of reaction products in the AAS and its
influence depends on the usage.

3.2.3 Differential thermogravimetry

Figure 6 shows the TGA/DSC results of sole CaSt, PC and AAS samples. The data in Figure 6-a gives
basic characteristics of CaSt. The endothermic peak at 107 °C is detected corresponding to evaporative water,
while the endothermic peak at 123 °C can be attributed to the melt of CaSt for no weight change in TGA
curve in this temperature range. The decomposition of RCOO™ can be detected at 432 °C, 482 °C
accompanying by large weight loss in TGA, while some calcium carbonate in CaSt could be found (the
endothermic peak: around 680 °C [45]).

In order to minimise the influence of evaporable moisture and poorly absorbed moisture in samples, the

temperature range of TGA/DSC from 100 to 1000 °C is selected. The TGA curves can be divided into three

regions and the weight loss of the four regions are summarised in Table 4. The main findings in each region
are given:

1) The first region (I), temperature from 100 to 530 °C: The main difference between the PC and AAS
mixes is that PC has two major absorption peaks, 152 and 462 °C, which cannot be found in the AAS
groups. The weight changes observed at these two temperatures correspond to the dehydroxylation of
ettringite (152 °C) and portlandite (462 °C) [43] and it is reasonable that the AAS groups do not have
these reaction products. According to the research result of Haha et al. [44], weight loss of AAS samples
at this region could be proportional to the quantity of chemical reaction products. Additional peaks
around 432 °C, 487 °C for AAS-45-4% and 411 °C, 491 °C for AAS-45-8% can be found in DSC curves.
This associates with the decomposition of CaSt (RCOQ") [45]. The specific values agree well with the
amount of CaSt added in the mix, 3.1% for AAS-45-4% and 6.4% for AAS-45-8% estimated according
results in Figure 6-a. Table 4 summarises the weight loss of PC and AAS mixes after removing the
influence of CaSt decomposition. It could be found that the weight loss of AAS-45-4% is close to that of
the AAS control group in this region, suggesting a similar amount of main chemical reaction products. It
agrees with the FTIR results given in Figure 5. The weight loss of AAS-45-8% is lower than that of the
other two AAS groups, which is believed due to the inhibition influence of CaSt on the reaction process.

2) The second region (II), the temperature from 530 to 800 °C: All mixes have a detectable weight loss and
the corresponding temperature range in Figure 6-b also exhibits slightly different endothermic peaks
(692 °C, 696 °C, 702 °C, 707 °C respectively for PC, AAS-45-0%, AAS-45-4%, AAS-45-8%) which
reflect the decarbonation of calcium carbonate [45]. It is also noticed that the weight change of the CaSt
added AAS mixes can come from the degradation of CaSt [46], and specific values is 0.45% for
AAS-5-4% and 0.95% for AAS-5-8% (calculated according results in Figure 6-a). After removing its
influence, the weight loss results of all samples are given in Table 4. It can be seen that PC and
AAS-45-0% show lager weight change, while the weight change in AAS-45-4% and AAS-45-8% is
relatively small. This indicates that AAS with CaSt should have a relatively low degree of carbonation.

3) The third region (III), the temperature higher than 800 °C: Valuable information could be obtained from
Figure 6-b at the temperature range of 826-846 °C, in which the area of exothermic peaks for AAS-45-4%
and AAS-45-8% is higher than that for AAS-45-0% that reflects the content of glassy state substance in
unreacted slag [47]. According to these results, it can be deduced that there is more unreacted slag in
AAS-45-4% and AAS-45-8%. This could be attributed to the inhibition influence of CaSt on the
chemical reaction between alkali-solution and GGBFS. This observation seems to give a controversy
conclusion in comparison with the results presented in Figure 5, in which a similar amount of reaction
products is found for AAS-45-0% and AAS-45-4%. Combining with the results in the pore solution
analysis (Figure 2 and Table 3), it is believed that the additional chemical reaction products in
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AAS-45-4% would come from further reactions caused by CaSt with the alkali solution. This explains
why less GGBFS reacted, but more chemical reaction products are formed.

3.3 Characteristics of microstructures and defects

3.3.1 Nitrogen sorption test (NST)

Figure 7 plots the curves of sorption isotherms against relative pressure (P/P,). Cumulative pore volumes
and pore distributions determined through BJH method are given in Figure 8-a and -b respectively. From
the adsorption curves, the AAS control group adsorbs less nitrogen gas than that of the PC sample, which
could be attributed to its low porosity and disconnected pores [48]. Furthermore, the AAS samples with CaSt
tend to adsorb even less nitrogen, which may be due to the fact that the pores become less disconnected as
reported in the previous study [25]. Meanwhile, cumulative pore volume of AAS with CaSt tends to
decrease as the CaSt amount increase. This trend is also reflected by the pore size distribution data, shown in
Table 5. The pores diameter less than 4.2 nm is 2.41%, 15.82%, 19.45% and 38.51% for PC, AAS-45-0%,
AAS-45-4%, and AAS-45-8% respectively. It suggests that the CaSt is helpful to dense pore structure of the
AAS at micropore level (the pore size is classified according to recommendations given by the I[UPAC [49]).

The specific surface was estimated from the N, adsorption test, the results of which is reported in Table 5.
As expected, the specific area of AAS is higher in comparison with the PC group. This observation agrees
with the results reported by Provis et al. [48] and Song et al. [33]. The specific surface area of AAS-45-4%
reaches 35.7 mZ/g, while the trend of optimising microstructure is not observed for AAS-45-8%, as the
specific area decreases compared with that of AAS-45-4%. It is believed that the results associate with less
reaction products in AAS-45-8%. Due the limited applicability of N, sorption test when evaluate the pore
structure, only fine capillary pore is assessed and more information about the characterization of coarse
pores analysed by MIP could be seen in our previous work [25].

3.3.2 Scanning electron microscopy (SEM) and optical observation

One main drawback of the AAS cement is the high risk of cracking, which significantly affect its
performance, especially for durability. In order to assess the influence of CaSt on the AAS system, the
microstructure of AAS with/without CaSt was examined using SEM and the results are shown in Figure 9.
Clearly, lots of cracks could be found in the AAS control group, which agrees well with the results of
Marjanovi¢ et al. [50] and Yang et al. [51]. According to Collins and Sanjayan [18], Morandeau €t al. [52],
the great cracking tendency could be attributed to rapid drying process, which leads to rapid moisture loss
within gel pores of AAS and resulting in a significant volumetric change. The microstructure of AAS-45-4%
and AAS-45-8% is given in Figure 9-a and -b. When the magnification was increased to 20,000X (shown in
Figure 9 d-f), there are lots of nanoscale pores (darker portion) within the matrix (brighter portion) in the
control group. As shown in the figure, few cracks can be found in AAS samples with CaSt and the
microstructure of CaSt added samples becomes denser. Many CaSt particles, as marked in red circles, can be
found within matrix as well. The results indicate that the CaSt did reduce the micro-defects of AAS. After
adding CaSt, the gel pore is refined and become disconnected [25], thus the rate of moisture loss is reduced.
Meanwhile, the deposits of CaSt are found on the surface of pores and there are some large pores in the CaSt
added samples, which may be due to its air maintaining function. The third mechanism for modification of
cracking is that less alkalis are incorporated into reaction products. According to the research results of Ye et
al. [21], the micro-cracks in the AAS may be attributed to the instability of reaction products with high
alkali cations, which makes the gels easier to collapse and redistribute during the drying process. The
chemical reaction products of CaSt added mix has less incorporated alkalis that reduces the
alkalis-terminated sites inside C-A-S-H gels, which served as additional available locations (as a vacancy
defects) for microstructure rearrangement [21]. Thus, few micro-cracks are found in AAS-45-4% and
AAS-45-8%.

In order to provide quantitative information, 100 SEM images (275umx275um) were randomly selected at
different locations from each mix and cracking features were analysed by counting the number of cracks,
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measuring length and width of cracks and calculating total cracking area. The results are summarised in
Table 6. Clearly, the cracking area drop nearly 40% from 163815 pm” to 102743 pm” when CaSt was added,
and the best performance is obtained for AAS-45-4%. Another important feature is that the max crack width
in the AAS is decreased by 50% and the average crack width reduced from 2.6 um to 1.5 pum. It is noticed
that there are more cracks in AAS-45-4% and AAS-45-8%, but most micro-cracks in AAS-45-4% and
AAS-45-8% are short and narrow and hence, the low cracking area is found, which is clearly reflected in
Figure 9-b and -c.

4. Conclusions

Addition of CaSt is a promising approach to improve the performance of the AAS cement and clarification

of the role of CaSt in the AAS is essential to understand root causes for the enhanced performance. The aim

of the present paper is to contribute new results to this subject, while on the basis of results obtained, the
following conclusions could be made:

1) The CaSt plays an essential role to control the reaction process through interactions within the AAS
system. It is reflected by the fact that more unreacted GGBFS can be found in the mixes with CaSt,
although the quantity of reaction products in AAS-45-4% is very close to the reference group
(AAS-45-0%). It should be pointed out that the isothermal calorimetry is not sensitive to detect this
feature.

2) Analysis of Na* and Ca** concentrations in the pore solution suggests that these two elements in reaction
products of AAS with CaSt vary considerably. Using CaSt made much less sodium incorporated into the
reaction products and there might be more calcium in the reaction products. This feature can assist in
improving uniformity and stability of reaction products, as shown in the XRD and TGA/DSC results.

3) The results of N, adsorption indicate that the microstructure of AAS became dense, when CaSt was
added. It is clear that the CaSt is able to reduce microcracking according to analysis of the SEM results.
As shown, 4% of CaSt seems to be optimal for the AAS in this study.

4) Numerous CaSt can be found on the surface of pores from the SEM images. Although it is not easy to
differentiate if the CaSt on the pore surface is due to chemical or physical binding because of limited
analytical technique available, the hydrophobic film is very helpful to reduce the water sorptivity, as
shown in the previous study.

5) One feature obtained from the TGA, XRD and FTIR results is that there were few carbonation products
in the AAS with CaSt. Poor resistance against carbonation is one main drawback for the AAS cement
and clearly, more research is needed to confirm essential results.
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Tablel Chemical composition of GGBES and PC (by mass %)
Binder SiO, AlLO; Fe,O; MgO CaO Na,O K,O SO; LOI Other composition
GGBFS 32,12 1365 136 9.15 3647 035 047 026 0.57 5.6
PC 22.54 547 264 274 62.10 0.61 0.18 0.57 3.14 <0.05

Table 2 Paste mixture proportions (per liter of paste)
Mix notation

Parameters PC__ AAS450% AAS-45-4% AAS-45-83%

W/B 0.45 0.45 0.45 0.45
NaOH pellets (g) -- 20.4 20.4 20.4
Sodium silicate (g) - 184.6 184.6 184.6
Water (g) 405 346.1 346.1 346.1
Cement (g) 900 -- - --

Slag (g) -- 900 900 900
CaSt (g) -- 0 36 72
28d-Compressive strength (MPa)  42.4 53.1 46.2 39.3

Note: 1) The modulus of water glass (Si0,/Na,O) is 1.5; 2) The density of water glass is 1.05 g/cm3;
3) A constant alkaline concentration (Na,O equivalent: 5% by mass of GGBFS) is used in this study.

Table 3 Summary of Na" and Ca® concentrations in the pore solution of AAS samples at the age of 28d

) ) Ion concentration (mg/L)
Mix notation

Na* Ca™
AAS-45-0% 25102 2.786
AAS-45-4% 25992 4.342
AAS-45-8% 25858 3.286

Table 4 Weight loss of PC and AAS samples of 28d curing at a given temperature region

Mass loss (%)
Mix notation Region I Region II Region III
(100~530 °C)  (530~800 °C) (800~1000 °C)
PC 11.7 4.6 0.3
AAS-45-0% 10.6 3.6 0.5
AAS-45-4% 10.6 2.1 0.2
AAS-45-8% 9.9 2.3 0.1

Note: The influence of decomposition of CaSt on the results was removed.

Table 5 Summary of pore structure characteristics obtained from NST (curing for 28d)
Pore size distribution (%)

Mix notation Specific surface area (mz/g)

<4.2nm >4.2nm
PC 2.41% 97.59% 24.8
AAS-45-0% 15.82% 84.18% 31.7
AAS-45-4% 19.45% 80.55% 35.7
AAS-45-8% 38.51% 61.49% 27.2

Note: 1) Specific surface area is estimated from the N, adsorption measurements.

Table 6 Summary of micro-cracking features obtained from SEM images (all samples curing for 28d)

. . Total crack Total crack area Maximum crack width Average crack width
Mix notation 5
number (um’) (pum) (um)
AAS-45-0% 458 163815 9 2.6
AAS-45-4% 503 102743 4.5 1.5
AAS-45-8% 516 126915 4.5 1.8
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Figure 6 TGA/DSC results of the CaSt, PC and AAS samples at the age of 28d
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Figure 7 Sorption and desorption curves of PC and AAS samples
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Figure 8 Pore structure characteristics of PC and AAS samples at the age of 28d
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Figure 9 SEM images of AAS samples at different magnification
(a) AAS-45-0%-500X; (b) AAS-45-4%-500X with EDS; (C) AAS-45-8%-500X;
(d) AAS-45-0%-20000X; (€) AAS-45-4%-20000X; (f) AAS-45-8%-20000X
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