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ARTICLE INFO ABSTRACT

Keywords: This paper reports the carbonation characteristics of a cement-slag system exposed to accelerated carbonation
Cement-slag system testing, and its improved carbonation resistance with the increasing MgO content in blast furnace slag, in which
MgO o hydrotalcite-like phase plays a key role.

Igz;i;s:::ig:hke phase Our research showed that the hydrotalcite-like phase started to carbonate upon contacting with the carbonate

ions and bound more than 15 wt% CO3° in the mildly carbonated and transition areas. This value was positively
associated with the magnesia content of slag. Additionally, the proportion shared by hydrotalcite-like phase
decreased in the fully carbonated area, and more CO2 was fixed in the form of calcium carbonate. Consistent with
the thermodynamic modelling, the ratio of CO3 bound in carbonated hydrotalcite-like phase to the total CaCO3
continued to decrease as the CO; ingress progressed. On the other hand, the reaction between hydrotalcite-like
phase and CO; was found to be volumetrically stable due to binding CO- in the interlayer space, and Mg was still
distributed within the original slag grain region. Mg/Al atomic ratio of hydrotalcite-like phase remained nearly
the same before and after carbonation. Results of this study quantitatively emphasized the favorable effect of

Thermodynamic modelling

hydrotalcite-like phase to improve the carbonation resistance of slag-rich cementitious systems.

1. Introduction

Blast furnace slag (henceforth slag) is the by-product of pig iron
production. It is generally assumed that for every ton of pig iron pro-
duced, the slag output is about 0.2 ton [1]. In the furnace, molten slag
formed from flux agent, coke ash, and residue of iron ore between 1400
and 1600 °C floats on top of molten iron liquid and can be expressed as a
Ca0-Si02-Al03-MgO system. Through rapid cooling, more than 90%
of the water-quenched slag contains a glassy phase, which possesses
latent hydraulic properties. Therefore, it is mostly used as supplemen-
tary cementitious material (SCM) in the cement industry. However, due
to the heterogeneity of the raw materials fed into the furnace, the pro-
duction technology and standard formulation, the chemical composition
and property of slag varies -as an end product-from location to location.
Questions regarding the effect of slag components on the evolution of
phase assemblages, microstructure development and durability of
cement-slag systems are of great interest. Therefore, a further insight
into slag chemistry should help design slag contributing to constructing
high-performance slag-rich concrete structures.

Generally, the amount of MgO in European slag varies from

* Corresponding author.

approximately O to 17 wt%, according to Refs. [2,3]. Based on [4,5], it
was in the range of 5-15 wt% in North America. The MgO content of slag
produced in Austria was a little lower, typically <10 wt% [6]. In fact, the
MgO content of slag was directly related to the composition of flux agent
(essentially limestone and dolomite) added into the furnace, which was
matched to the melting rate of iron ore in order to achieve a lower
melting point, thin-bodied and iron-free blast furnace slag [1]. However,
to lower the liquidus temperature of molten phase for metallurgical
reasons [7-9], increasing the amount of limestone over dolomitic rocks
have been preferred, leading to the emerging trend that only lime-rich
and magnesium-poor slag has been produced and used in cement pro-
duction. There is evidence that this trend has affected the cement
quality, particularly concerning carbonation related surface durability
issues [10].

In the network structure of slag, Mg?* ion with smaller radius tends
to act as a network modifier. Gradual addition of MgO in slag will react
with the bridging oxygen (BO) of silicate network, producing non-
bridging oxygen (NBO). There is a common consensus existing that
the field strength of cation, represented by z/r? (z and r being the charge
and radius of the cation, respectively.), reveals the strength of the bond
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between a non-bridging oxygen and a cation. A cation with larger z/r2
tends to generate a more depolymerized structure [11]. The field
strength of cation is commonly observed in slag following the order: K™
< Na' < Ca?" < Mg?" [12]. Therefore, results from Refs. [13,14]
concluded that magnesium in slag presented stronger capability to break
the linkage of silicate network structure. The works in Ref. [15]
confirmed that when substituted with Ca and Mg, an increased distor-
tion of network structure was observed. With the increasing of MgO +
CaO content, the network depolymerization and thus the glass reactivity
increased correspondingly, which was consistent with the results in
Ref. [16]. According to the European standard EN 15167-1, it is required
that (CaO + MgO)/SiO; > 1, which means that the effect of MgO in slag
is considered similar to that of CaO, and a deficiency in one component
could be compensated by the other. From this perspective, the gradual
change in slag composition mentioned earlier (i.e., lime-rich and
magnesium-poor slag) should not impose any adverse effect on its en-
gineering properties.

In the past decade much more effort has been devoted to investi-
gating the effect of MgO content of slag on the evolution of phase as-
semblages of alkali-activated slag (AAS) systems [17-20]. Some
common conclusions identified were: gradual increase of MgO content
in slag increases the amount of hydrotalcite-like phase formed and
lowers the aluminum content uptake by C-S-H gel phase. However, to
the best of authors’ knowledge, few investigations went deep into the
correlation between slag chemistry and durability characteristics of
slag-containing cementitious systems. The works in Refs. [21,22]
confirmed that the formation of hydrotalcite-like phase could reduce the
susceptibility to carbonation of AAS produced with higher MgO content,
as it appeared to act as an internal CO, sorbent. Results in Ref. [23]
revealed that a higher MgO content slag precursor for AAS had shown
higher resistance to accelerated carbonation-induced degradation due to
the improvement in the resistance to gel decalcification and capillary
pore formation during carbonation. Questions, such as whether the
observations on the AAS systems could be extended to slag-rich cement
systems directly remain to be addressed. Meanwhile, researchers
recognize the beneficial effect of hydrotalcite-like phase during
carbonation; however, most analysis is qualitative. Therefore, under-
standing the effect of hydrotalcite-like phase quantitatively during
carbonation is vital towards achieving the full potential of slag perfor-
mance in concrete.

Thus, the present study was designed to study the effect of MgO
content of slag on the carbonation characteristics of cement-slag system
where slag is used as a primary SCM (70 wt% replacement in the paper
to simulate CEM III/B). To avoid the interference from other factors,
synthetic slags with different MgO contents manufactured in the labo-
ratory were used to produce the cement-slag systems. The phase
assemblage, microstructure, and micro-mechanical properties of each
mixture before and after accelerated carbonation testing were
compared. Through quantitative analysis of hydrotalcite-like phase, the
effect of MgO content in slag on carbonation characteristics was
determined.

2. Material and methodology
2.1. Materials and mix design

CEM I 42,5 N (manufactured by ENCI Maastricht B.V.) was used to
produce the cement-slag systems. Synthetic slags with different MgO
contents (M0, M8, and M16) were produced in the laboratory. Details of
the production process is given elsewhere [16]. Note that for the pro-
duction of synthetic slag MO, only analytical reagents (CaO, SiO,, and
Al»03) were added according to the compositional design target, while
for slag M8 and M16, analytical reagents and commercial slag were
added.

Chemical compositions of the binder components were determined
by X-ray fluorescence (XRF) and their particle size distribution (PSD) by
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laser diffraction, shown in Table 1 and Fig. 1, respectively. Table 2 gives
the rough mineralogical composition of the cement clinker based on
Bouge calculation. For synthetic slag M0, M8, and M16, their CaO/SiO4
ratio was kept at around 1 (In fact, for commercial slag with different
MgO contents, the CaO/SiO; ratio varies; however, this ratio fluctuates
around 1.0, e.g., as exhibited in Ref. [2].) and the amount of Al;O3
fluctuated at about 14 wt%, while MgO content varied from 0.33 (for
MO) to 16.07 wt% (for M16). Quartz (Qz) with a similar PSD was also
introduced to cast a cement-quartz sample, acting as a reference.

X-ray diffraction (XRD) measurements of synthetic slag M0, M8 and
M16 are illustrated in Fig. 2, which were almost entirely amorphous
indicating the non-existence of crystalline phases. It was also noted that
the position of amorphous hump shifted slightly to the right with the
gradual addition of MgO in slag.

2.2. Methodology

To produce the blends, cement was partially replaced by slag and
quartz at a constant substitution level of 70 wt%. The paste mixtures
were prepared using a water to binder ratio of 0.40 and cast in cylin-
drical plastic containers of 20 mL, which were sealed with thin para film
to prevent further ingress of CO, and evaporation of mixing water. All
specimens were stored at 20 + 3 °C until further use.

After 3 months of curing, specimens of each mixture were taken out
of the plastic bottles, the top surface (~5 mm) of which were removed
after demoulding. Before transferring them to the carbonation chamber,
they were conditioned for one month in a relative humidity (RH)-
controlled climate chamber at 65% and 20 °C for pretreatment. Only the
freshly cut surfaces were exposed to CO2 and the other surfaces were
sealed to ensure one dimensional gas penetration. Accelerated carbon-
ation testing was performed in a carbonation chamber with regulated
CO4 concentration of 3% =+ 0.2, at 20 £+ 3 °C and 65 + 5% of RH (using
saturated NaNO- solution). The total duration of carbonation was up to
6 months.

After the designated hydration and carbonation period, small discs
were sawn from the specimens, crushed and immersed in isopropanol
solution to exchange the available pore solution. Prior to XRD mea-
surement and thermogravimetric analysis (TGA), the crushed slices were
dried at 40 °C, ground with mortar and pestle and sieved manually to
obtain particles with diameter below 63 pm. XRD data was collected

Table 1
Chemical compositions (wt.%) and selected physical properties of CEM 1 42,5 N
and three synthetic slags.

Cement MO M8 Ml6
CaO 64 43.16 37.04 34.09
SiOy 20 42.99 37.79 32.99
Al,O3 5 13.30 14.51 15.05
MgO - 0.33 8.83 16.07
FeO/Fe;03 3 0.07 0.28 0.34
TiO2 - - 0.70 0.73
MnO/Mn,03 - - 0.17 0.16
NagOeq” 0.58 - 0.40 0.36
SO3 2.93 0.01 0.01 0.01
Residual 4.49 0.14 0.18 0.13
Ca0/Si0y - 1.00 0.98 1.03
(CaO + Mg0)/Si0," - 1.01 1.21 1.52
Physical properties
dso (pm)© 26.81 24.35 22.73 22.29
SSA (m2/g)’ 0.284 0.770 0.895 0.964

# The NayOq employed here for cement and slag was identical, namely Na,O
+ 0.658*K20.

b The European Standard EN 15167-1 recommends that this ratio should be
greater than 1.

¢ The particle size distribution of slag was measured by EyeTech, Ankersmid.
The dsg of quartz was 24.21 pm.

4 The specific surface area (SSA) of cement and slag was measured by Blaine
and nitrogen adsorption with the BET method, respectively.
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Fig. 1. Particle size distribution of three synthetic slags and quartz.

Table 2
Mineralogical composition (wt.%) of CEM I
42.5 N
Phase
CsS 62.24
B-C.S 10.47
C3A 8.18
C4AF 9.12
Gypsum 4.98
Other 5.01
i
' M16
i
| M8
|
|
'
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T T T T T
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Fig. 2. XRD scans of three synthetic slags used in the present research.

using a Philips PW 1830/40 Powder diffractometer with Cu K-alpha
radiation. The machine was operated with an X-ray beam current of 40
mA and an acceleration voltage of 40 kV. Sample powders were scanned
from 5 to 60° (20) with a step size of 0.03°. Netzsch STA 449 F3 Jupiter
coupled with mass spectrometer (MS) Netzsch QMS 430C was employed
for thermogravimetric analysis. The emissions of HyO and CO, were thus
identified. Approximately 50 mg powder samples were heated under an
argon atmosphere at a heating rate of 10 °C/min from 40 to 900 °C in an
Aly03 crucible, with an identical and blank crucible as reference.
Moreover, the CO, response of the samples with unknown CO, con-
centration was calibrated with the response of a standard with known
CO4 concentration (pure agent CaCO3 provided by VWR Chemicals
BDH) under the same analytical conditions. This method allowed the
quantification of CO, emission from carbonated slag cement paste
containing both calcium carbonate and other COy-bearing phases. The
area under the MS CO; curve, or the peak integral, was calculated with
commercial software OriginPro 2019.
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Fourier transform infrared spectroscopy (FTIR) was performed using
Spectrum TM 100 Optical ATR-FTIR spectrometer over the wavelength
range from 600 to 4000 cm ™! to characterize the alteration of molecule
structure before and after accelerated carbonation test. A single-beam
configuration was used, and each sample was scanned 20 times with a
fixed instrument resolution of 4 cm™!.

Mercury intrusion porosimetry (MIP) analysis was carried out on
small paste samples. The relationship between pore diameter (D) and
pore pressure (P) is given in Washburn equation as the following for-
mula shows,

4ycos(0)
D

P=

of which the surface tension of mercury (y) is 0.485 N/m at 25 °C and the
contact angle between mercury and specimen (6) is 140°. Three steps
were involved in each measurement process, i.e., mercury intrusion at
low pressure from 0 to 0.170 MPa; at high pressure from 0.170 to 210
MPa; and mercury extrusion. According to the equation above, the
maximum pressure achieved by the equipment corresponded to a min-
imal pore diameter of about 7 nm, based on a cylindrical pore model.
Therefore, pores below this size cannot be detected.

Scanning electron microscopy (SEM) investigation was performed on
selected samples, which had been dried at 40 °C, vacuum impregnated
with epoxy resin, ground and polished down to 0.25 pm, and carbon
coated. The coated samples were examined with FEI QUANTA FEG 650
ESEM at 10 kV accelerating voltage, 10 mm working distance and in
backscattered secondary electron (BSE) imaging mode. Energy disper-
sive X-ray spectroscopy (EDS) point analysis was also used to determine
the elemental composition of the phase assemblages observed in the
matrix and slag rim.

To obtain the micro-mechanical properties, i.e., modulus of elasticity
and hardness, of slag cement paste before and after the accelerated
carbonation testing, nanoindentation performed with Agilent Nano
Indenter G200 (Keysight, Santa Rosa, CA, USA) equipped with a ber-
kovich tip was used. Two or three randomly chosen areas were selected
and around 800 nanoindents were made on each sample. The distance
between individual indents was 40 pm.

Thermodynamic modelling was carried out using the Gibbs free en-
ergy minimization software GEMS [24,25] with thermodynamic data
from the PSI-GEMS database [26,27] supplemented by cement specific
data [28,29]. The calcium-alkali aluminosilicate hydrate ideal solid
solution model (CNASH_ss) proposed by Myers et al. [30] was employed
to describe the C-S(A)—H gel phase in the system. MgAl-OH—LDH ss
containing three end-members with Mg/Al atomic ratios of 2, 3 and 4
reformulated into an ideal solid solution was employed to simulate the
formation of hydrotalcite-like phase before carbonation [31]. For their
corresponding carbonate forms, the database provided by Ref. [32] was
incorporated in the model as candidate phases. The thermodynamic
properties of these carbonate forms were calculated based on the
ion-exchange constant provided by Ref. [33].

3. Results
3.1. Phenolphthalein spray

The typical cross-sectional surfaces of the specimens after phenol-
phthalein spray are shown in Fig. 3. It was noted that the carbonation
depth decreased significantly with the increasing MgO content in slag,
from more than 20 mm for slag MO paste reduced to approximately 5
mm for slag M16 paste.

3.2. Carbonation products

In this section, the authors characterized the carbonation products of
slag cement paste by means of a series of analytical techniques. Powders
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Fig. 3. Typical sawn surfaces of the specimens after spraying with phenol-
phthalein solution.
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used for tests were extracted within the 3 mm depth from the surface of
the specimens exposed in the carbonation chamber to ensure the anal-
ysis of fully carbonated microstructure.

3.2.1. TG-DTG-MS

TG-DTG results of cement-slag and -quartz mixtures after 3 months
of curing are shown in Fig. 4 (a). The highest hydrotalcite-like phase
content was detected in slag M16 mixture with a shoulder and a distinct
peak located at approximately 250 and 350 °C, respectively. Conversely,
there was no hydrotalcite-like phase observed in slag MO mixture as
negligible MgO was available in slag MO. The broad peak at 100-150 °C
suggested the presence of C-S-H gel phase. The shoulder at ~200 °C
indicated the formation of calcium monosulfoaluminate (monosulfate),
sourced from the transformation of ettringite with time.

The DTG results, H,O and CO, MS curves of fully carbonated cement-
slag MO, M8, M16, and Qz pastes are plotted in Fig. 4 (b-1)-(b-4),
respectively. The main COg-bearing phase in cement-Qz paste after
carbonation was calcium carbonate, and three decomposition peaks
starting from 500 °C in the DTG graph implied the presence of amor-
phous calcium carbonate, aragonite and/or vaterite, and calcite
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Fig. 4. (a) TG and DTG results of cement-slag and quartz mixtures after 3 months of curing; (b-1)-(b-4) DTG results, H,O and CO, MS curves of fully carbonated
cement-slag MO, M8, M16, and Qz pastes, respectively. CH: portlandite; Ms: calcium monosulfoaluminate; Ht: hydrotalcite-like phase.
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correspondingly, all of which were commonly seen in the accelerated
carbonation test [34-36]. No monosulfate was left, suggesting that it
had been carbonated completely. Additionally, there were two new
COq-bearing phases occurred upon carbonation of cement-slag paste.
One was a carbonated hydrotalcite-like phase. The peak located at
350-450 °C indicated the persistence of hydrotalcite-like phase in slag
M8 and M16 blends after carbonation. As displayed in the MS curves,
both H,0 and CO5 were liberated from this phase after heating, meaning
that CO, was absorbed in the interlayer space to replace water molecules
and form its carbonate version, i.e., carbonated hydrotalcite-like phase.
The small peak at ~150 °C in the MS CO5, curve should be ascribed to the
formation of carbonated Ca—Al AFm phases, due to the carbonation of
AFm-SO4 (monosulfate) and/or AFm-OH phases, which also presented
layered microstructure [37,38]. This peak was negligible in cement-Qz
mixture, partially because of its reduced monosulfate formation
compared to cement-slag pastes.

3.2.2. XRD

XRD results reveal the presence of hydrotalcite-like phase, mono-
sulfate, portlandite, and unhydrated cement clinker (C3S and C,S in
particular) in cement-slag system after hydration (Fig. 5 (a) and (c)). The
peak for hydrotalcite-like phase was much more visible in slag M16
blend, consistent with the results measured by TGA in Fig. 4 (a).

After the accelerated carbonation exposure (Fig. 5 (b) and (c)), the
peak for portlandite disappeared in all mixtures, meaning that all cal-
cium hydroxide had been carbonated, in agreement with the results
measured by TGA (Fig. 4 (b-1) to (b-3)). Furthermore, the peak for
unhydrated cement clinker also vanished, probably related to its
continuous hydration or carbonation [39].

Hydrotalcite-like phase was still observed after such a heavy COy
attack while monosulfate was decomposed, as the peak of which dis-
appeared after carbonation (Fig. 5 (c)). These results matched well with

Cement and Concrete Composites 134 (2022) 104765

the findings revealed by TGA. Calcite and Vaterite were identified as the
main polymorphs of CaCOs in all carbonated pastes. No trace of
aragonite was found by XRD in these samples. The studies in Ref. [40]
pointed out that compared with aragonite, vaterite was formed prefer-
entially on the surface of portlandite due to their similar symmetries and
positive surface charge. Also, the environment in the carbonation
chamber favored the coexistence of these two polymorphs of CaCO3
[41].

3.2.3. FTIR

FTIR was also used to investigate the carbonation products of
cement-slag mixtures, especially the alteration of C-S-H gel phase at
molecular level. Fig. 6 illustrates the FTIR spectra of cement-slag mix-
tures before and after carbonation. The absorption bands between 3700
and 2500 cm ™! and at 1640 cm ! indicated the presence of O-H bonds,
associated with the stretching and bending vibration modes of Hy0 [43].
Because of drying, the intensity of water-related bonds decreased.

Meanwhile, the wave number positions of silicate group in FTIR
spectra also implied the presence of different molecular structures of
C-S-H gel phase. Depending on the connectivity of silicon site in the
[SiO4]4' tetrahedron (T), the tetrahedron could be classified into five
characteristic units based on the representative IR absorption bands,
which are; Q* (~1200 em™ 1), Q® (~1100 em™), Q% (~950 em™}), Q!
(~900 cm’l), and Q0 (~850 cm’l), respectively [44-47]. Regardless of
the MgO content in slag, Q? was the main unit of C-S-H gel phase of all
investigated cement-slag pastes before carbonation. After full carbon-
ation, the Si—O-T stretching band was characterized by observing signals
appearing at ~1200 and ~1100 em ™!, which were linked with the yield
of Q* and Q2 silicate units, respectively. This shift was associated with
the gradual polymerization of silicate wunits, due to the
carbonation-induced decalcification of C-S-H gel phase [48-50].

The carbonate bonds were also recorded through three types of
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Fig. 5. XRD analysis of cement-slag blends (a) after curing of 3 months; (b) after carbonation; and (c) 5-15° (20) of cement-slag blends before and after carbonation.
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carbonate bands observed in the FTIR spectra, i.e., strong broad band at
1400-1500 cm ™, representing the asymmetric stretching of carbonate,
narrow band at 875-1000 cm ™! due to the bending of carbonate, and in-
plane bending of carbonate at ~710 c¢m ! (not shown in the graph) [40].
It was found that the CO, bound was more pronounced in cement-slag
M16 paste, confirmed by the increased band intensity at 1400-1500
em L.

3.3. Degree of COz uptake of different carbonate phases

To calculate the CO, concentration in each carbonate phase at
different depths, besides that taken from 0-3 mm depth from the surface
corresponding to full carbonation (labelled as 1), powders were also
extracted from carbonation front corresponding roughly to transitional/
dissolution area (labelled as 2) [51], and mildly/non-carbonated area
(labelled as 3), respectively as Fig. 7 shows.

As mentioned earlier, pure CaCO3 was employed as a standard to
calibrate the CO; concentration in different CO-bearing phases under
the same analytical condition. Fig. 8 (a) shows the DTG result, COy MS
curve of pure CaCOs. The area under the MS CO» curve (Ae°C) corre-
sponding to 44 wt% CO; releasing from CaCOs; was calculated using
commercial software OriginPro 2019. Comparatively, the CO, concen-
tration of each carbonate phase can thus be estimated from the area
under the CO5 MS curve within the corresponding temperature range as
shown in Fig. 8(b-d) which presented the CO2 uptake profile of slag
M16 paste at the specific sampling depths. The area Al, A2, and A3
corresponded to the amount of CO; released from carbonated Ca-Al
AFm phases, carbonated hydrotalcite-like phase, and calcium carbonate,
respectively.

It was well recognized that various forms of CaCOs, including
amorphous CaCOs, metastable CaCOs (aragonite and vaterite), and
calcite were present simultaneously in a carbonated cement-based

Fig. 7. The positions where powders were extracted, using slag M8 paste as an
example. 1: fully carbonated area; 2: transitional area; 3: mildly carbon-
ated area.
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system [34-36]. However, the coexistence of these forms of CaCO3 had
no effect on the determination of CO amount bound in CaCO3 through
thermogravimetric analysis, and thus it was unnecessary to separate
them rigorously.

The calculated areas under the MS CO, curves and the CO5 con-
centrations of the paste samples and the calibration reagent are shown in
Tables 3 and 4, respectively. It was noticed that carbonated Ca—Al AFm
phases played a minor role in absorbing CO,, while the CO, binding
capacity of each mixture was mainly dependent on the available CaO in
portlandite and C-S-H gel phase. The role of hydrotalcite-like phase in
absorbing CO» started to emerge with the gradual addition of MgO in
slag, and its binding ability was positively related to its content after
hydration. It should be noted that the most hydrotalcite-like phase was
detected in slag M16 paste (Fig. 4 (a) and Fig. 5 (a)), where it was able to
absorb up to ~2.68 g/100 g paste CO; in the interlayer space.

Moreover, it was interesting to find that the highest amount of CO,
was bound in slag M16 paste in the fully carbonated area. On the other
hand, the same paste absorbed the least amount of CO; in the mildly
carbonated and transitional areas, compared to the other mixtures.

3.4. Microstructure

In this section and section 3.5, the authors attempted to analyze the
impact of carbonation on microstructure development, elemental
composition of the phase assemblages, and micro-mechanical evolution.
Samples used for measurements were selected from the carbonated area
(colorless appearance after phenolphthalein spray) for each mixture.

3.4.1. MIP

Relative to the cement-quartz system, hydrates formed from the re-
action between portlandite and slag helped refine the pore structure,
which is shown clearly in Fig. 9 (a) and (c).

Generally, the critical pore diameter of cement-slag blends was less
than 0.01 pm, corresponding to medium capillary pores based on the
classification put forward in Ref. [52]. The value decreased significantly
with increasing MgO content in slag. Moreover, it was noted that
cement-slag MO and quartz mixtures presented a bimodal pore structure
while slag M8 and M16 pastes appeared to be a unimodal one. One
should keep in mind that the maximum pressure that the equipment can
apply was 210 MPa, and thus pore diameter smaller than ~7 nm (gel
pore) cannot be detected here. Therefore, it was foreseeable that the
critical pore diameter of cement-slag M16 blend would be smaller than
7 nm according to the trend of curve shown in Fig. 9 (a).

After accelerated carbonation test, the critical pore diameter all
shifted right to the range of 0.1-100 pm, depending on the amount of
magnesia in slag. It indicated a coarser pore structure was created after
carbonation, due to the carbonation of overwhelming amount of C-S-H
gel phase. Similar results were also reported in Refs. [42,53-55]. The
carbonation of C-S-H gel phase would produce a poorly organized silica
gel of a low molar volume and a certain amount of free water initially
bound within the gel phase, which certainly led to an increase in
porosity.

Besides, pores in the range of 10-100 pm appeared in slag MO and
M8 pastes after carbonation. It was possibly ascribed to the formation of
micro-cracks owing to carbonation shrinkage. Especially for the
carbonation of low Ca/Si ratio C-S-H gel phase originated from the
pozzolanic reaction, it can produce relatively large shrinkage [56],
leading to a higher potential for the formation of micro-cracks. It was
also reflected by the cumulative intrusion curve shown in Fig. 9 (d). The
more magnesia in slag, the lower porosity after carbonation. As
confirmed in Tables 3 and 4, the rich production of hydrotalcite-like
phase in slag M16 mixture shared more CO; in the mildly carbonated
and transitional areas. Also, the additional hydration of slag (Fig. 12 (b))
further help in densification of microstructure, leading to a reduced
porosity.
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Fig. 8. (a) The DTG result, CO, MS curve of pure CaCOs; (b-d) The CO, MS curve of slag M16 paste at mildly carbonated, transitional, and fully carbonated areas,

respectively.
Table 3
The calculated area under the MS CO,, curve of different carbonate phases (Ae°C).
Area under the MS CO, curve Total
Carbonated Ca-Al AFm phases Carbonated hydrotalcite-like phase Calcium carbonate
Mildly carbonated MO 4.79 x 10710 - 9.37 x 107° 9.85 x 107°
M8 3.23 x 10710 1.18 x 107° 7.67 x 107° 9.17 x 107°
M16 3.68 x 10710 1.59 x 107° 6.47 x 107° 8.43 x 107°
Transitional MO 6.55 x 10710 - 2.59 x 1078 2.65 x 1078
M8 4.58 x 10710 2,92 x 1077 1.79 x 1078 212 x 1078
Mi16 7.24 x 10710 3.06 x 107° 1.31 x 1078 1.69 x 1078
Fully carbonated MO 2.91 x 107° - 3.92 x 1078 4.21 x 1078
M16 2.58 x 1077 6.64 x 107° 4,58 x 1078 5.50 x 1078
Qz 1.50 x 107° - 3.81 x 1078 3.96 x 1078
Pure CaCO3 - - 1.09 x 1077 1.09 x 1077

Table 4
CO;, concentration of different carbonate phases based on the pure CaCO3 (/100 g) calibration.
CO,, concentration of each carbonate phase Total
Carbonated Ca-Al AFm phases Carbonated hydrotalcite-like phase Calcium carbonate
Mildly carbonated MO 0.19 - 3.79 3.98
M8 0.13 0.48 3.09 3.70
M16 0.15 0.64 2.61 3.40
Transitional MO 0.25 - 10.45 10.70
M8 0.17 1.17 7.22 8.56
M16 0.30 1.23 5.29 6.82
Fully carbonated MO 1.17 - 15.82 16.99
M8 0.85 1.61 16.11 18.57
M16 1.03 2.68 18.49 22.20
Qz 0.51 - 15.38 15.99
Pure CaCO3 - - 44.0 44.0
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Fig. 9. Differential pore size distribution of cement-slag and quartz systems measured (a) before and (b) after accelerated carbonation test; Cumulative intrusion of
cement-slag and quartz systems measured (c) before and (d) after accelerated carbonation test.

3.4.2. SEM-BSE

Fig. 10 illustrates the typical microstructure of cement-slag paste
before and after accelerated carbonation testing (in the carbonated
area). A small amount of unhydrated cement grains (circled and labelled
as #1 in Fig. 10 (a-1)) were distributed in the matrix together with mass
of unhydrated slag particles after 3 months of curing. Calcium mono-
sulfoaluminate existed as fine and compact crystals intermixed with
C-S-H gel phase (circled and labelled as #2 in Fig. 10 (a-1)). Slag hy-
drated slowly, and the hydrates precipitated at the rim of the unreacted
slag particle (especially for slag M16 paste in Fig. 10 (c-1)), forming a
dense transition into the surrounding matrix. Visually, the matrices of
slag M8 and M16 pastes were more homogeneous and denser than that
of slag MO.

The difference manifested in the microstructure of matrix among
these slag cement pastes was even more evident after accelerated
carbonation testing (Fig. 10 (a-2) to (c-2)). Overall, they appeared more
porous with a large quantity of black spots, indicating the formation of
pores filled with epoxy resin. Moreover, slag MO paste had developed
network of wide cracks as shown in Fig. 10 (a-2) (To display the
morphology of crack, the magnification of this BSE image was set at
1000 x .). It verified the critical pore diameter in the range of 10-100
pm appearing in slag MO paste after carbonation by MIP test. The most
striking result was observed from the microstructure of carbonated slag
M16 paste as shown in Fig. 10 (c-2), as most of the microstructure was
not affected by the carbonation process. Unreacted slag grains hydrated
continuously under CO; attack, and the rim of slag after accelerated
carbonation testing was significantly thicker than before the carbon-
ation. According to the results in Ref. [57], a demand for calcium ions
was created in the pore solution during carbonation, leading to the
migration of highly mobile calcium ions forming from the dissolution of
unhydrated slag grains outwards, thus promoting the formation of

thicker rims. One should keep in mind that the continuous hydration of
slag was concluded from the thicker slag rim by observation roughly. To
further verify this idea, determining the hydration degree of slag
through e.g., BSE image analysis before and after carbonation was
recommended.

3.4.3. Chemical composition

3.4.3.1. C-S-H gel phase. The elemental composition of cement matrix
and rim around unhydrated slag grain were characterized before and
after carbonation by SEM-EDS microanalysis with internal standards
(standardless microanalysis). Typical plots of Al/Ca against Si/Ca in
atomic ratios are presented in Fig. 11. In general, the measured Ca/Si
atomic ratios of C-S-H gel phase after 3 months of curing fluctuated at
around 1.20, irrespective of the amount of MgO incorporated into slag. It
was in good agreement with the values determined in Refs. [58-60].
However, substantial decalcification occurred in the blended systems,
and two different types of C-S-H gel phase existed in the matrix after the
accelerated carbonation exposure [61,62]. Especially for slag MO paste
(Fig. 11 (a)), the Ca/Si ratio reduced more significantly compared with
that of slag M16 paste (Fig. 11 (b)). Besides, it was also found that the
Al/Si atomic ratio of the decalcified C-S-H gel phase was considerably
higher than that of unaffected gel phase, further confirming the occur-
rence of amorphous alumina gel along with carbonation [62].

3.4.3.2. Hydrotalcite-like phase. As for hydrotalcite-like phase, it
seemed to be unaffected by CO; attack. The Mg/Al atomic ratio derived
from the regression analysis of Mg/Si vs. Al/Si scatter plot (Fig. 12)
remained nearly the same before and after carbonation. It also indicated
that this phase kept intact during carbonation. In other words, the CO»
uptake in the interlayer space would not decompose the network
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Figs. 10. (a-1) to (c-1): Microstructure of cement-slag MO, M8, and M16 mixtures after 3 months of curing, respectively; and (a-2) to (c-2): Carbonated area of

cement-slag MO, M8, and M16 mixtures after carbonation, respectively.

structure of hydrotalcite-like phase. The occurrence of scatter points
with significantly higher Mg/Si and Al/Si values (circled in Fig. 12 (b))
demonstrated that slag grains in the carbonated area of M16 paste hy-
drated continuously during carbonation, consistent with the thicker
rims illustrated by BSE image shown in Fig. 10 (c-2).

3.5. Micro-mechanical properties

To obtain the micro-mechanical properties of the cement matrices,
especially C-S-H gel phase before and after the accelerated carbonation
testing, around 800 nanoindentations were made for each mixture. For
the detailed statistical deconvolution process of the nanoindentation

results, please refer to Ref. [63].

The relative frequency of indentation modulus obtained from the
samples after 3 months of curing are shown in Fig. 13 (a-1) to (c-1). The
highest peak in the frequency histogram was quite narrow with a low
variance, which was supposed to be C-S-H gel phase. It was determined
as 17.74 + 5.27 GPa for this phase in slag MO blend. On the other hand,
two C-S-H gel phases were separated in the other two blends, i.e., 17.66
+ 2.99 GPa together with 20.83 + 7.63 GPa in slag M8 mixture, and
21.28 + 2.17 GPa as well as 23.72 + 7.10 GPa in slag M16 mixture,
corresponding to low density and high density C-S-H gel phase,
respectively. Meanwhile, it was noted that the peak regarding high
density C-S-H gel phase was a little broader, probably overlapped with
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neighboring phases, including low density C-S-H gel phase [64-66] and
calcium hydroxide [67]. Moreover, the Gaussian peak below 4 GPa in
slag MO system was believed to be linked to the pores in the testing area.
This peak vanished in the other two blends, implying a denser and less
porous matrix was obtained. This result agreed well with the MIP
measurement reported in Fig. 9 (a) and BSE micrographs illustrated in
Fig. 10 (a-1) to (c-1), where with the increasing MgO content of slag, the
porosity of cement-slag system decreased.

The hump centered at 31.09 £+ 8.95 GPa in slag MO blend was
associated with the wide presence of portlandite due to its relatively low
reactivity [16]. This small peak shifted right to 44.18 + 14.27 GPa and
39.06 + 14.02 GPa in slag M8 and M16 mixtures, respectively. This can
be explained in two ways: (1) more portlandite was consumed by
pozzolanic reaction in these two mixtures and thus more
hydrotalcite-like phase was precipitated. The work in Ref. [68] found
that the indentation modulus of hydrotalcite-like phase was larger than
40 GPa roughly. (2) values from unreacted slag grains (>50 GPa
commonly) were also incorporated in this broad peak.

Compared with the uncarbonated samples, the major difference
occurring in the carbonated pastes was the reduction of modulus value
of C-S-H gel phase, due to its degradation or decalcification after COy
attack (Fig. 13 (a-2) to (c-2)). In slag MO and M8 blends, the frequency
distribution of C-S-H gel phase indentation modulus was found to
exhibit a bimodal distribution, centered at 8.71 + 3.34 GPa together
with 18.07 £ 5.18 GPa for slag MO mixture, and 11.44 + 2.78 GPa as
well as 20.08 + 3.40 GPa for slag M8 mixture, corresponding to the
degraded and unaffected C-S-H gel phase, respectively. Furthermore,
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the frequency density of degraded C-S-H gel phase even exceeded that
of unaffected in slag MO paste after carbonation.

However, in slag M16 mixture, there was no obvious decrease
observed for the indentation modulus of C-S-H gel phase in the
carbonated area. The corresponding values before and after carbonation
were nearly the same. The result agreed with the BSE micrographs
shown in Fig. 10 (c-2), where large areas were unaffected by
carbonation.

Here in the carbonated pastes, the peak centered at around 30 GPa
should include the contribution from carbonates [69,70]. These car-
bonates, existing in different forms, had been found to accumulate in the
pores and interact with C-S-H gel phase as well as portlandite by a
strong ionic-covalent bond [71].

4. Discussion
4.1. Distribution of Mg after carbonation

It is well known that owing to its low diffusion ability, magnesium
dissolved from slag cannot move into cement matrix during hydration.
Fig. 14 reveals a typical BSE micrograph of carbonated slag M8 paste,
and the Mg and Al mappings correspondingly. Compared with
aluminum, magnesium still appeared to be distributed within the orig-
inal slag grain region, and cannot diffuse into the matrix although C-S-H
gel phase surrounding slag particles was degraded remarkably. The
matrix became porous after carbonation, e.g., the top left and bottom
right regions of the micrograph. In other words, hydrotalcite-like phase
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of cement-slag MO, M8, and M16 mixtures, respectively.

formed in slag rim was able to remain intact during carbonation. It
further confirmed the results found in TGA (Fig. 5 (b-2) and (b-3)) and
XRD (Fig. 6 (c)), both of which identified its persistence even in the fully
carbonated area. In addition, the Mg/Al atomic ratio derived from the
regression analysis of Mg/Si vs. Al/Si scatter plot (Fig. 12) also remained
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nearly the same before and after carbonation. These findings were
consistent with the results from Ref. [50], which also concluded that the
hydrotalcite-like phase seemed to be stable towards carbonation.

It was commonly recognized that the carbonation rate of cement
blended with slag was generally higher than that of pure cement due to
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Fig. 14. Left: a typical BSE micrograph of carbonated slag M8 paste, and right top and bottom: the Mg and Al mappings correspondingly.

its lower calcium hydroxide and higher C-S-H gel phase content [42,
72-75]. The carbonation between portlandite and CO, was a volume
expansion reaction, and the main reaction product, i.e., different forms
of calcium carbonate could help refine the pore structure, preventing the
further ingress of CO,. However, the carbonation of C-S-H gel phase
was a volume shrinkage process, coarsening the pore structure and
increasing the porosity [42,55,61,76]. Different from reactions
mentioned above, hydrotalcite-like phase binds CO; in the interlayer
space and maintains its network structure during carbonation, thus few
volumetric changes are observed during this process [77]. From this
point of view, increasing the amount of hydrotalcite-like phase pro-
duced in the system, or increasing MgO content of slag, was definitely
beneficial for improving the carbonation resistance of cement-slag
system.

4.2. COg binding of hydrotalcite-like phase at different depths

Generally, the carbonation resistance of cement-based systems is
dependent on two factors: the alkali content (phase composition and
particularly portlandite content) and the pore structure. Portlandite and
C-S-H gel phase are considered as the main CO5 binding phases in the
blended cement [61]. However, the role of hydrotalcite-like phase in
absorbing CO, has been neglected, especially when the substitution
level of slag is high, e.g., as in CEM III/B.

As shown in Tables 3 and 4, when shifting from mildly carbonated
area to fully carbonated area, the absolute amount of CO, absorbed in
each carbonate phase increases correspondingly. However, the propor-
tion distributed among them was the opposite. The proportion of COy
absorbed into carbonated Ca—Al AFm phases was minor, fluctuating at
less than 5%. The proportion in carbonated hydrotalcite-like phase went
down while the calcium carbonate share went up. It was clearly illus-
trated by the ratio of CO, amount absorbed by carbonated hydrotalcite-
like phase to calcium carbonate (Fig. 15). Regardless of the MgO content
of slag, this ratio decreased significantly when entering into the totally
carbonated area.

It illustrates us a different routine about the carbonation sequence of
hydration products in cement-slag system. Initially, hydrotalcite-like
phase, portlandite, and C-S-H gel phase absorb CO; synchronously.
Especially for hydrotalcite-like phase, due to its stacked layer
morphology, the space between layers presents a specific surface area
comparable to that of C-S-H gel phase [78], and provide the natural site
to fix free CO, molecules [79,80]. It shares more than 15% CO, in the
mildly carbonated and transitional areas, and this value is positively
associated with the magnesia content of slag. Probably due to the
complete carbonation of hydrotalcite-like phase, the proportion of CO5
bound by hydrotalcite-like phase decreases in the fully carbonated area,
and more COs is fixed into calcium carbonate at this depth.
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4.3. Thermodynamic modelling

Fig. 16 presents the evolution of phase assemblages at 10 g CO2/100
g binder as a function of MgO content of slag. The reaction degree of
clinker phases of cement at 90 days was estimated using the empirical
kinetic approach proposed by Parrot and Killoh [81], and it was assumed
that 30% slag dissolved during the period. For simplicity, it was postu-
lated that each component of slag dissolved congruently.

The main CO,-binding phase in slag MO mixture was CaCOs, while
more CO5 was absorbed in hydrotalcite-like phase and less in CaCOs3 as a
result in slag M16 mixture. In the initial stage, hydrotalcite-like phase
was unaffected by CO; attack, then it transformed into the carbonate
form, namely hydrotalcite-like phase (COs3) in the graph. This phase was
able to keep intact for a continuous CO2 supply and converted to mag-
nesium silicate hydrate (M—S-H) gel in the later stage, and dolomite
(MgCa(COs3)2) was assumed to be the final Mg-bearing phase. However,
based on the experimental results in the present research, hydrotalcite-
like phase would absorb CO5 upon carbonation. Meanwhile, carbonated
hydrotalcite-like phase was not observed to decompose in this paper.
These disagreements identified between experimental and modelling
results need more research in the future.

When concentrating on carbonated hydrotalcite-like phase and cal-
cium carbonate, thermodynamic modelling also illustrates a decreasing
trend regarding the ratio of CO; amount bound in these two phases (Cgt/
Ce¢o) (Fig. 17). This trend was consistent with the experimental results
shown in Fig. 15. Roughly, we can also divide the graph into three zones
where the progress of CO, uptake in slag cement systems can be
explained. According to the experimental and modelling findings,
initially, hydrotalcite-like phase starts to absorb the carbonate ions
earlier due to the low solubility product of its carbonate forms [32,77],
thus, a relatively high (Cyt/C.c) ratio is observed in the mildly carbon-
ated area. With the continuous supply of CO3, the (Cyy/Cec) ratio de-
creases in the transitional area as the CO,-binding ability of these two
phases are remarkably different (44/100 (wt/wt) for CaCO3 and 44/484
(wt/wt) for Mg4Al2(OH)12(CO3)e4(H20)), and more CO, was fixed into
CaCOs. Finally in the fully carbonated zone, hydrotalcite-like phase
cannot absorb CO5 anymore, which facilitates formation of CaCO3 upon
new CO; ingress, decreasing the (CHt/Ccc) ratio further.

5. Conclusions

In this research we investigated the effect of MgO content of slag on
the carbonation characteristics of specific cement-slag systems through
accelerated carbonation testing and focused on the quantitative role of
hydrotalcite-like phase, in particular. The main conclusions drawn were
as follows:

e The gradual increase of MgO in slag composition did not change the
mineralogy of carbonation products fundamentally. While calcium
carbonate was the main CO,-bearing phase, hydrotalcite-like phase
and Ca-Al AFm phases did absorb almost 20 wt% of the entire bound
CO», as well. Calcite and vaterite were identified as the main poly-
morphs of CaCOs in all pastes.

After the accelerated carbonation testing, the critical pore diameter
in slag cement paste increased to the range of 0.1-100 pm, depending
on the amount of magnesia in slag. The critical pore diameter in the
range of 10-100 pm appeared in slag MO and M8 pastes after
carbonation was possibly ascribed to the formation of micro-cracks
caused by carbonation shrinkage.

There were large areas unaffected by the carbonation process in slag
M16 paste in the carbonated zone, and unreacted slag grains hy-
drated continuously during carbonation. As it was also reflected by
nanoindentation testing, there was no obvious decrease observed on
the indentation modulus of C-S-H gel phase in slag M16 paste, while
it reduced significantly for slag MO and M8 pastes.

13

Cement and Concrete Composites 134 (2022) 104765

1,0

0,9
0,8

074 Transitional area

0,6 -
0,5

.
041 “ Fully carbonated area
0,3 ~

0,2 - :

.
Seael

o1 >N | T =-.
Mildly carbonated area h
010 T T T T T T T T T

3 4 5 6 7 8 9 10 11 12 13 14 15

CO, content (g) / 100 g binder

Bound CO, mass ratio between these two carbonates (C,,/C,)
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e Hydrotalcite-like phase can maintain its network structure and
remain intact during carbonation (i.e., binding CO; in its interlayer
space). Thus, magnesium was still contained within the original slag
grain region, and the Mg/Al atomic ratio remained nearly the same
before and after carbonation.

Hydrotalcite-like phase shared more than 15% CO; in the mildly
carbonated and transitional zones, and this value was positively
correlated with the magnesia content of slag. The proportion
decreased in the fully carbonated area, and more CO; was fixed into
calcium carbonate. It was consistent with the thermodynamic
modelling that the ratio of CO3 bound in carbonated hydrotalcite-
like phase to CaCOj3 decreased continuously with the gradual
ingress of CO,.
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