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Introduction

It is estimated that 8% of the anthropogenic CO; emission, a contributor to global
warming, can be allocated to the production process of Ordinary Portland Cement
(OPC).! Therefore, alternative binder systems are being investigated. One potential
binder is inorganic polymers (IP), which can be produced by the alkali activation of a
glassy precursor.? One possible precursor is a Ca-Fe-Al silicate glass, generated after
quenching of a residual melt, which is formed via a gasification/vitrification process in
a plasma surface, fuelled by municipal waste.? During the synthesis of the IP, several
authors reported the formation of cracks, which can be caused by shrinkage of the
IP.%#> Understanding crack formation and eventually mitigating the phenomenon, is
one of the challenges in the field of IP.*

This paper investigates the driving forces for crack formation at early age in two IP
mortars, synthesised with two different alkali solutions. Shrinkage and elasticity
experiments were carried out to compare the properties of these two mortars.
Furthermore, acoustic emission (AE) tests were performed to register the amount and
intensity of cracks formed in each IP. Finally, these shrinkage, elasticity and AE results
were correlated.

Materials and Methods

The Ca-Fe-Al silicate glass precursor has an amorphous phase content of >97% and a
chemical composition of (in wt%): 33 SiO», 22 Ca0, 20 Fe,03, 12 Al,03, 4 Na0, 3 MgO,
2 ZnO, 2 TiO; and 2 others, according to the XRF results.> Two alkali solutions were
made, one consisting of 60 wt% H,0 and the other of 80 wt% H,0, both with a molar
Si02/K20 ratio of 1.6, as shown in Table 1.
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Table 1: Ratios of activating solutions and mortar

Activating solution Mortar
H,O H,0/K,0 Density | Code | Liquid/Solid | Liquid/ Solid | Glass/
(Wt%) (molar) (g/cm3) (kg/kg) (Mm3/ m3) Sand
60 15.85 1.53 60M 0.44 0.91 0.41
80 42.26 1.26 80M 0.37 0.91 0.41

The glass and the activating solution were mixed for two minutes. Afterwards, CEN
standard sand (EN 196-1) was added and mixed for one minute. Next, the obtained
mortars, 60M and 80M, were casted in a 10x20x5 cm?® mould for elasticity and AE
measurements. The mortars used for shrinkage measurement were casted in a 30 cm
long and 8 cm diameter tube, up to a reference level. Before casting, a Teflon sheet
was placed between the mortar and the tube to reduce friction. The temperature and
humidity was not controlled, but both moulds were placed in an insulating chamber
of around 23°C to prevent any major temperature and humidity fluctuations. The
elasticity or E-modulus was measured by the emission of longitudinal pulses at a
frequency of 500 kHz. The time delay of a pulse gave an indication for the elasticity or
stiffness. The shrinkage behaviour of the IP mortars was measured by a Linear Variable
Differential Transformer (LVDT). A Teflon floater was placed on the surface to measure
a voltage difference by the LVDT, which was translated in a vertical displacement of
the IP. Cracks were recorded by their AE. A crack produces an acoustic wave which
travelled, through the sample, on metal bars, up to a sensor. Cracks were registered
as hits, each with its own peak amplitude in decibel (dB), on a sensor frequency of 350
kHz.

Results and Discussion

The elasticity and macroscopic shrinkage results were combined and shown, for each
sample, in Figure 1a and b. Two clear displacement trends can be identified for 60M
and 80M. The first displacement trend can be allocated to autogenous shrinkage,
which was a result of volume-reducing polymerisation reactions and drying shrinkage.®
This shrinkage took place in the liquid-gel state because no stiffness was registered
yet. The second trend was less evident and can be identified as expansion due to
relaxation, when most exothermal polymerisation reactions were concluded, in the
hardened state of the IP.” The increase in elasticity can be explained as the
transformation from a liquid-gel phase into a hard phase.® The shrinkage values of 60M
were significantly higher than 80M, implying that higher availability of K-silicates
resulted in a larger amount of polymerisation reactions. The elasticity values for 80M
were also lower. The retardation in elasticity development can be explained by a
decrease in rate of network formation, as a result of the high H,0/K>0 ratio in the
activating solution. The AE results of 60M and 80M are presented in Figure 1c and d.
More cracks were registered for 60M, compared to 80M, as shown in Figure 1c. An
exponential increase in crack formation can be observed for 60M and 80M during the
first 12 hours of measurement. Later in time, the exponential increase in the
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cumulative number of cracks reached a plateau and hardly any more cracks were
generated. Figure 1d shows that 60M produced cracks with a broader range of peak
amplitudes, including higher peak amplitudes (65 dB up to 97 dB), in comparison with
80M. The majority of cracks produced in 80M have low peak amplitudes (40.5 dB).
Cracks with a high peak amplitude can be identified as high energy cracks, which were
interpreted as macro-cracks. Cracks with a low peak amplitude corresponded to low
energy cracks, which were expected to be micro-cracks.’
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Figure 1: A and B present the shrinkage and elasticity or E-modulus results of 60M and
80M, C indicates the cumulative amount of hits or cracks registered in 60M and 80M,
D shows the amount of hits for each peak amplitude (dB) in 60M and 80M

Considering all the data, the first shrinkage event phased out once a certain stiffness
was attained. From that moment, the solid IP network could withstand shrinkage,
while evaporation and self-desiccation took place in the pores. Consequently, capillary
pressure in pores and differential stress in matrix heterogeneities were able to build
up, which were exerted on the surface of the network.'° Once the stress exceeded the
strength, cracks were produced in the IP.1! A faster stiffness increase in 60M resulted
in higher stresses and the production of more macro-cracks during the first 12 hours
of curing, in comparison with sample 80M. Afterwards, once a considerable strength
was gained in the IP, stress build up in the sample did not result in cracks anymore and
the cumulative crack number reached a plateau.
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Conclusions

Ca-Fe-Al silicate glass was activated with two activating solutions, with varying water
content, to investigate their influence on the shrinkage, elasticity and crack formation.
A more K-silicate rich solution resulted in higher early age autogenous shrinkage and
a faster elasticity development. Furthermore, the choice of the activating solution
influenced the amount of cracks. At a certain elasticity, further shrinkage was
inhibited, which induced stress in the IP through capillary pressure build up and matrix
heterogeneities. A fast stiffness increase, induced a large amount of stress, which
exceeded the early strength and produced macro-cracks. The production of cracks
ceased, after 12 h of curing, once sufficient strength was generated in the IP.
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