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Abstract. The carbonation-induced degradation in alkali-activated materials
(AAMs) is unknown. This is due to the current level of understanding of the
carbonation mechanism in accelerated conditions, whereas the results from the
long-term performance of AAMs in service are not available.

In this paper, the natural laboratory carbonation of alkali-activated fly ash
(FA) and blast furnace slag (BFS)-based pastes was studied. The aim of experi-
ments was to investigate the influence of the binder composition on the carbon-
ation mechanism. The microscope techniques, i.e. polarization, fluorescent and
Environmental Scanning Electron Microscope (ESEM) enabled the identification
of the carbonation front and local defects due to carbonation, such as microcracks,
and pore structure changes. The pH of the simulated pore solution in carbonated
and noncarbonated samples was analyzed. The pore structures after carbonation
were characterized in terms of capillary and gel pores by Mercury Intrusion
Porosimetry (MIP) and nitrogen sorption. The effect of the change in the porosity
on the mechanical properties was examined by Nanoindentation tests.

Results show that the natural carbonation did not reduce the alkalinity of the
pore solution to below the pH 9. The pH was kept above 10.5 in all the mixtures.
The samples with 50 wt% and less BFS content, were uniformly carbonated.
The increase of the total porosity in those samples has been attributed to the
simultaneous effect of the carbonation and drying shrinkage of the pastes. The
change in the porosity for a consequence has a reduction in the modulus of
elasticity. The samples containing more than 50 wt% of BFS were fully resistant
to carbonation or carbonation was induced along the cracks as observed from the
microscopic analysis.

Keywords: AAMs - Natural carbonation - Durability - Pore structure

1 Introduction

AAMs have excellent mechanical properties, chemical resistance, and high thermal
stability compared to the Ordinary Portland cement (OPC)-based materials (Provis 2014).
They are more sustainable due to the use of industrial by-products instead of the natural
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resources for their composition. Therefore, AAMs are emerging as a viable alternatives to
the OPC. However, the durability of AAMs is still unknown, which limits their appli-
cation in the engineering practice. For instance, understanding of the carbonation-induced
degradation in AAMs in service is essential, since it is the process that causes both, the
chemical and physical changes of the material properties (Arbi et al. 2016).

In the OPC-based materials, carbonation is known as a chemical reaction between
carbon acid formed in the pore solution, calcium hydroxide (Ca(OH),) and hydrated
calcium silicate (C-S-H). It results primarily in the reduction of the pH, which is mainly
controlled by the content of Ca(OH), (Morandeau et al. 2014). However, the Ca(OH), is
usually not formed in AAMs (Oh et al. 2010). Therefore, the pH of the pore solution in
AAMs depends on the concentration of alkalis that are used in the alkaline activator and
contained in a raw materials. The principal binding phase that can be carbonated in FA
and BFS-based AAMs is calcium alumino silicate C-A-S-H gel (Bernal et al. 2013).
Regarding material properties, carbonation progress will be dependent on the binder
chemical composition and the pore structure (size distribution, connectivity, and tortu-
osity). The mechanism will be certainly different to that reported in OPC-based materials
due to the difference in the primary reaction products between OPC and AAMs, and
owing to the more dense microstructure formation in the blended FA and BFS-based
AAMs. Furthermore, the gel pores are identified to be the main contributor to the total
pore volume in AAMs, when 50 wt% BFS or more is used in the mixture composition
(Nedeljkovic et al. 2016). Due to the significant decrease of the volume of capillary pores
in those systems (Nedeljkovic et al. 2016), carbonation is assumed not to be the diffusion
driven process such as reported in the OPC-based materials (Morandeau et al. 2014).
Instead, the chemical reactions and diffusion are believed to be the simultanous drivers
for the carbonation in AAMs. The kinetics of the chemical reactions will be contingent on
the chemical composition of the raw materials, which governs the resultant gel com-
position, porosity, permeability, and resistance to the carbonation (Bernal et al. 2013).
The effects of the carbonation chemical reactions on the pore structure and the
mechanical properties of the AAMs are not reported yet.

Therefore, the aim of this study was to evaluate the changes undergone by the
alkali-activated FA and BFS pastes due to the natural laboratory carbonation, with 55%
RH, 20 °C. The specific objectives were to investigate the effect of the carbonation by the
investigation of the pore structure, modulus of elasticity, hardness of the samples, and the
alkalinity of the pore solution. The microscopy tests were carried out on the samples after
the exposure to investigate the carbonation front and observe microstructural changes.
The alkalinity of the pore solution was measured by the suspension method. The MIP,
nitrogen sorption and Nanoindentation technique were used to examine the pore structure
and the mechanical properties.

2 Materials and Methods

2.1 Materials and Sample Preparation

The precursors used in this study were FA and BFS. The chemical compositions of the
precursors were determined by XRF (Table 1). The alkaline activator was prepared by
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mixing two solutions, the sodium hydroxide and sodium silicate. After mixing, the
activator was cooled down to room temperature prior to the preparation of the pastes.
The liquid to binder mass ratio was 0.5. Pastes were produced with the following ratios
of FA and BFS, 100:0, 70:30, 50:50, 30:70, 0:100 wt%, named SO, S30, S50, S70,
S100. The precursors were dry-mixed for 3 min and then mixed with the activator. The
pastes were cast in the cylinder moulds of 54 x 100 mm?®. The samples were sealed
cured for 28 days. After 28 days of curing in fog room samples were removed from
cylinder moulds to the indoors laboratory conditions at 20 °C and 55% RH for 1 year.
On the other hand, reference samples were kept in a sealed conditions without CO,
until the characterization was carried out. The representative samples prior to micro-
scopic examination are shown in the Fig. 1.

Carbonated samples_1 year v

S0 S30 & i |

Reference samples_1 year

| S30 Ref S50 Ref S70 Ref S100 Ref

Fig. 1. Cross sections of the representative samples after natural carbonation of 1 year- the outer
(carbonated zone) and the inner (noncarbonated zone), reference samples are of the smaller
diameter, placed beneath exposed samples.

Table 1. Chemical compositions of FA and BFS measured by X-ray fluorescence

SiO, | Al,O5 | CaO | MgOO | Fe,03 | SO5 | Na,0OO | K,00 | TiO, | P,Os | L.O.L
FA |54.28 /2332 | 423]1.62 |8.01 |0.64/0.85 1.97 |1.23 |0.54 |3.37
BFSS | 34.40  11.53 |39.17 | 7.81 142 1.6 [0.23 058 |- - 1.15

2.2 Methods

The carbonation depth was measured by phenolphthalein indicator. For the pH mea-
surements, it was not possible to extract liquid pore solution due to the density of the
samples. Therefore, the analyses were carried out on the simulated pore solution. The
simulated pore-solution was prepared by dissolving 1 g of powdered sample in 10 ml
of de-ionized water. The suspension was maintained during 1 h at ambient temperature,
after which the pH was measured by a standard color chart and pH meter 827 Metrohm.
Polarization, fluorescence and ESEM were used to observe microstructural changes.
For this purpose, thin sections were prepared by first sawing small prisms from the
samples. The dimensions of the prisms were 50 mm x 30 mm, with a thickness of
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about 10 mm. The sawn prisms were impregnated under vacuum with an epoxy resin
containing a fluorescent dye. The thickness of the final thin sections was around 30 pm
to provide sufficient light transmission for microscopic analysis. Porosity and pore-size
distribution were investigated by two methods, MIP and nitrogen sorption test, fol-
lowing the sample preparation procedure as reported in (Ye 2003). The sharp peaks that
were found in the pore size distributions curves, corresponding to the threshold (crit-
ical) pore diameter were determined according to Katz and Thompson (1986). The
microstructure of the carbonated and noncarbonated samples was examined mechan-
ically by Agilent Nano Indenter G200 with a diamond Berkovich tip, while the samples
were prepared according to the procedure described in (Lukovic 2016).

3 Results and Discussion

3.1 Carbonation Depth and Simulated Pore Solution

The carbonation depth was determined by the phenolphthalein indicator (Fig. 2) and
Polarization microscope (Figs. 5 and 6), which is further discussed in Sect. 3.2. From
measured carbonation depths (Fig. 3) it can be seen that mixtures with 50 wt% and less
BFS carbonate faster. The pH was tested in the simulated pore-solution of the three
states of material for each mixture, carbonated edge, carbonated middle and reference
sample after 28 days of curing and after 1 year of carbonation (Fig. 4).
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Fig. 2. (a) Photo of the sam- Fig. 3. Natural carbonation depth (12 months exposure to
ple S50 before and (b) after ambient laboratory environment) of alkali-activated pastes
spraying the pH indicator. (¢ =27 mm) as a function of the slag content in the paste.
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For reference samples at 28 days, the pH is maintained around 13.5 for all the mixtures
(Fig. 4). After 1 year of curing, the pH drops for 2 units, suggesting that OH ™ ions were
consumed by alkaline activation. On the other hand, the samples that are noted as car-
bonated edge have a pH that is reduced due to natural carbonation, but not below 10.5.

B Ref samples 28 days B Refsamples 1 year
Uncarbonated_middle_1 year Carbonated edge 1 year
14 3
13 A
12 A
=
=11 -
10
9 = T T T T 1
§ ¢ NP <§” $),
9 7 Y 2 2,

Fig. 4. The pH of the simulated-pore solutions (12 months exposure to the ambient laboratory
environment) of alkali-activated pastes (¢ = 27 mm) as a function of the slag content in the paste
(samples from Fig. 1).

3.2 Microscopic Study

As a result of differences in the FA replacement by BFS, each paste has presented a
unique microstructural pattern including voids, defects, and carbonation front
according to the fluorescent microscopic study (Fig. 6). One of the paste, S50 which
demonstrated the most different pattern was selected for further examination by
Polarization, Fluorescent and ESEM microscopes (Figs. 5 and 8).

Carbonation: front

Zone 111

Fig. 5. Photo of S50 thin section under (a) polarization, and (b) fluorescent light
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Fig. 6. Fluorescent microscopy on the
cross-sections of five different pastes
after 1 year of the natural carbonation.

The low magnification images obtained by
fluorescent microscope are shown in Fig. 6.
A general pattern in each of the cross-sections
of carbonated samples can be observed. The
existing defects can be then clearly seen, due to
the impregnation with resin. The paste SO
demonstrated continuous carbonation where the
resin uniformly filled the section indicating the
high porosity of the sample. No defects such as
voids and microcracks can be observed in SO.
In the sample S30, continuous cracks can be
observed along the cross-section. These cracks
are most likely induced by the drying shrinkage
during curing and carbonation exposure of the
samples. They initiate from the top surface and
progress toward the core of the sample. The
S50 sample also demonstrated uniform car-
bonation depth (Fig. 5a, b). In this sample,
noncarbonated zone did not show any defects
or voids. Conversely, in carbonated zone the
entire section presented extensive cracking.
A degraded area was clearly separated by a
front line (carbonation front) from the noncar-
bonated zone. S70 contains multiple cracks
perpendicular to the edge of the sample which
are originated from the edge towards the centre
of the sample. In noncarbonated zone the cracks
were not identified. According to this observa-
tion, the carbonation in S70 is mainly induced
in the vicinity of the cracks. Carbonation depth
of the surface layer of S70 is smaller than the
carbonation depth induced left or right from the
axe of the crack. This can be explained by the
difference in moisture content at the top of the
surface and in depth of the sample. Due to dry
top surface, carbonation reaction will be
restricted by no presence of the moisture or its
very low content (less than 50% RH), whereas
in the crack RH is higher and thus carbonation
can occur faster. S100 paste was found to be
highly resistant to carbonation owing to its
highly dense microstructure. Regarding S50,
beside fluorescent microscopic analysis (Fig. 5
b), the cross section was also observed under
Polarization light. Three zones can be distin-
guished in the thin section (Fig. 5a),
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Zone 1 (outer) - exposed paste surface fully degraded,
. Zone II (middle) - blue zone with carbonates deposited,
3. Zone III (inner) - non-degraded.

N =

The cracking in the degraded zone can be attributed to the drying shrinkage or to
the one or more chemical transformations linked to the alteration of the phases due to
carbonation, most likely decalcification of the gel. Most cracks are limited to the zones
I and II. The Zone I is a zone with the most deterioration confined to near the outer
surface. In addition, polarized light microscope was used to detect the front between
carbonated and noncarbonated zones. In the thin section, the carbonation front is
assessed by the presence of calcium carbonate crystals (white colour of crystals in the
carbonated zone, Fig. 7). In terms of the optical properties, calcium carbonate is
extremely birefringent, so it can be easily detected. The ESEM image (Fig. 8) clearly
shows carbonation shrinkage in the S50 paste after 1 year of natural carbonation. The
carbonation of the C-A-S-H gel is involving both the decalcification of the gel and
polymerization of silicate chain that stays behind. The structural rearrangement of the
partially carbonated gel will result in the overlaping between silicate chains, which
creates more small gel pores and leads to the gel shrinkage. When 30 wt% or 50 wt% of
BFS is used in the mixture design, carbonation shrinkage is larger. This is supported by
the nitrogen adsorption measurement of the increase of the gel surface area (Table 3).
S70 was less degraded since this paste is denser, compared to S50. Drying shrinkage
also contributed to the appearance of the cracks (Fig. 8.), since the laboratory RH
(~55%) was very low.
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Fig. 7. Polarization micrograph of clearly Fig. 8. ESEM micrograph of degraded
distinguished uncarbonated and carbonated zone microstructure in carbonated zone of
zone in the paste S50. the paste S50.

3.3 Effect of the Carbonation on the Porosity Development by MIP
and Nitrogen Sorption Test

Pore size measurements were carried out in the pastes exposed to natural carbonation
and reference pastes after 1 year. The MIP results for all the mixtures and the main pore
structure characteristics are presented in Table 2, while cumulative intruded pore
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volume curves and corresponding pore size distributions obtained for carbonated and
reference samples of the paste S50 are presented in the Fig. 9. The physical meaning of
a threshold pore diameters reported in Table 2 is that the pores whose diameter is
greater than this diameter cannot form connected path throughout the sample (Ye
2003). It should be noted that the threshold pore diameter was not possible to be
determined for reference samples and for some of carbonated samples (S70, S100),
suggesting very dense microstructures. The MIP tests for the samples after 1 year of the
exposure, have shown no significant change in the volume of capillary pores, compared
to the reference samples (no carbonation).

Table 2. Capillary pore structure properties by MIP

Mixtures | Threshold pore Threshold pore access | Total porosity Total porosity [%]
access diameter diameter (um) CARB | [%] by volume | by volume CARB
(pm) REF REF
SO 0.120 0.134 43.72 30.41
S30 - 0.028 26.04 26.22
S50 - 0.018 9.404 17.09
S70 - - 6.538 9.66
S100 - - 3.57 3.38
0.12 S50_ref_Intrusion 024 S50_ref
""" S50_ref_Extrusion - S50_Nat carb
S50_Nat carb_Intrusion E
— 0.1 S50_Nat Carb_Extrusion D 02
E g
E 008 20.16
o =)
8 ©
= =
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5 0.04 3,0.08
= o
g 3
3 0.02 2 0.04

) e

0.001 1000 0.001
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Fig. 9. Capillary pore volume and pore size distribution of paste S50 (reference and carbonated
material)

The major change is in BET surface area, i.e. increase of the gel pores surfaces
(Table 3). For instance, the results have shown that the carbonated zone in the S50
sample has more than 20 times higher BET surface area compared to the reference
sample. This increase cannot be only attributed due to the widening of the gel pores
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Table 3. Gel pore structure properties by Nitrogen adsorption, evolution of the BET surface
area

Mixtures | Threshold pore access | Threshold pore access | BET surface BET surface
diameter (nm) REF diameter (nm) CARB | area [mz/g] area [mZ/g]
REF CARB

SO 8.38 7.84 15.85 6.71

S30 5.52 7.29 2.58 2791

S50 6.16 7.47 1.57 34.89

S70 6.57 6.25 0.88 25.1

S100 6.01 - 0.78 0.25

because of the chemical alterations of the gel under carbonation. The microcracks that
belongs to the carbonated zone (Fig. 5) are also contributing to the increase in the total
porosity.

3.4 Effect of the Carbonation on the Mechanical Properties
by Nano-Identation

Carbonation causes reduction in the modulus of elasticity in the 21-45 GPa range (S50
sample), where values corresponds to the modulus of elasticity of the main binding
phases (Fig. 10). The ESEM image (Fig. 8) showed that the gel shrinkage and increase
in the gel pore surface area (Table 3) are the possible reasons for the reduction in the
modulus of elasticity. Nevertheless, it is also assumed that the structural change of the
C-A-S-H gel by the decalcification and polymerization of silica chains due to car-
bonation (Bernal et al. 2013) contribute to the drop in modulus of elasticity. This is a
reason for further research in this direction. On the other hand, the hardness of the
carbonated zone did not significantly change compared to the noncarbonated zone.

100 S$50_Modulus of elasticity_1 year S50_Hardness_1 year
92
" m S50 Noncarbonated
S50_Carbonated_nat lab carb
.\? 70 i
P % ®550_Noncarbonated
g 50 g o #$50_Carbonated_nat lab carb
3 4
-é 40 H
= 30 =
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olm B odl I Ll--. -.J- >
0 5 -, ”, o
020 prom P "* & \‘5 & ,\ \ K] v o ,,'—w ) R \e‘\&.
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Fig. 10. Nano-identation tests in the carbonated and noncarbonated S50 paste (left: modulus of
elasticity, right: hardness).
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4 Conclusions

The pH of all the mixtures after carbonation was above the pH 9, which is reported as a
threshold value for an initiation of the carbonation induced reinforcement corrosion in
the OPC-based binders. Therefore, corrosion of the reinforcement in the
alkali-activated mixtures is expected not to be a concern regarding its initiation by the
carbonation. The main difference in the pore size distribution was observed in the level
of the gel pore sizes in the mixtures with 50 wt% and less BFS content, whereas the
change in the volume and size of the capillary pores was minor. This is an indication
for the gel degradation induced by the carbonation but also due to the drying regime as
observed from the microscopic study. The consequences are the gel shrinkage, fol-
lowed by the microcracking of the sample, which ultimately leads to the decrease in the
elasticity of the matrix. The modulus of elasticity decreased by half in the mixture S50,
whereas no significant change of the modulus of elasticity was found in the mixtures
with more than 50 wt% of BFS. If the mixtures with more than 50 wt% are used, such
as 70 wt% or 100 wt% of BFS, carbonation is not experienced due to their highly dense
and compact microstructures. The hardness of all the mixtures was not affected.
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