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ARTICLE INFO ABSTRACT
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Due to the gradual diffusion of CO, under natural exposure, areas with varied degrees of carbonation exist at
different depths from the surface of slag-rich cement paste. While extensive research has been dedicated to
investigating the fully carbonated zone as identified by phenolphthalein spray, the transitional zone, located
between the fully carbonated and the uncarbonated regions, has received comparatively less attention. This
study thus aims to address this research gap by exploring its microstructural, micromechanical, and mineral-
ogical properties. The results reveal that carbonation-induced damage extends beyond the fully carbonated zone
as identified by phenolphthalein. Particularly in the transitional area close to the carbonated zone, nano-
indentations results reveal that micromechanical properties of this area are even lower to that of the fully
carbonated zone. In addition, mineralogical investigation suggest that the depth of carbonation stays within the
range where slag-containing blends loses its green coloration. By comparing specimens with different slag
composition, it was found that the depth of this faded green area can be an important indicator to assess the

Microstructural-micromechanical-
mineralogical properties

carbonation resistance of slag-containing blends.

1. Introduction

Blast furnace slag (henceforth slag) is the by-product of pig iron
production [1], and it is one of the most used supplementary cementi-
tious materials (SCMs) in cement and concrete industry [2,3]. Due to the
formation of a denser microstructure, concretes adopted slag cement are
less prone to deteriorations such as alkali silica reaction, sulfate attack,
and chloride ingress [4-6]. An exception is carbonation, which renders a
poor microstructure at the skin area of slag-rich concretes [7,8] owing to
the reduced portlandite content after hydration [9,10].

The carbonation of cementitious materials is a neutralization pro-
cess, in which CO, from the atmosphere penetrates into the cement-
based matrix and reacts with the alkaline species in the pore solution,
leading to the reduction of alkalinity (i.e., pH) and the modification of
phase assemblage [7,8,11,12]. As blended cements commonly contain
lower calcium hydroxide content, the carbonation rate of slag cement is
generally higher than that of Ordinary Portland Cement (OPC) with the
same water to binder ratio. Moreover, with the addition of slag, the Ca/
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Siratio of C - S - H gel phase usually decrease to near 1.0 [13,14], which
can be easily carbonated and transform into an unstable silica gel with a
lower molar volume. The increased porosity on the other hand promotes
the further diffusion of CO, resulting in an enhanced carbonation risk.

Carbonation of cement-based systems is governed by the diffusion of
gaseous CO; through pores in the matrix, being a time-consuming pro-
cess [8,12]. Because of this, in laboratory environments, this process is
often expedited by increasing the concentration of CO,, which allows a
faster examination of the carbonation effects on cementitious materials.
While accelerated carbonation in the lab speeds up the process, it
doesn’t always reflect natural carbonation accurately. Pastes carbonated
with CO; concentrations over 3 % show notable differences in mineral
composition and microstructure compared to those carbonated natu-
rally [15].

The distinction between natural and accelerated carbonation is
particularly noticeable in cement-slag systems, as the unique coloration
of slag makes these differences more apparent. It is well known that slag-
containing blends, including cement-slag and alkali-activated slag
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Fig. 1. (a) Zonation phenomenon observed inside a slag cement paste exposed
to air for about two years; (b) another paste with the same mixture carbonated
acceleratingly (3 vol%) for 6 months. Only the top sides of both specimens were
exposed and the other sides were sealed.

mixtures, both exhibit a blue-green coloration because of the formation
of di- and tri-sulfur radical anions under anoxic conditions [16]. The
coloration was observed to correlated with concentrations of slag,
wherein the color shifted to green and blue with the increase of slag
content [17]. When exposed to oxygen (atmosphere), di- and tri-sulfur
radical anions is oxidized into SgO%’ (intermediate) and SO%’ (stable)
ions [18-20], and the blue-green coloration disappears gradually. When
considering the accompanied diffusion of O, and CO; in slag-containing
systems, a zonation phenomenon (areas presenting different intensities
in green coloration, i.e., colorless, light green, and blue-green) can be
observed inside specimen, as Fig. 1 (a) shows. Owing to the molar mass
difference, the diffusion coefficient of oxygen (Do) is greater than
carbon dioxide (Dco2) [21,22]. After a sufficient natural exposure, the
different diffusion depths of O, and CO; led to the formation of zonation
displayed in (a). However, this phenomenon was seldom noted in sys-
tems under accelerated carbonation (Fig. 1 (b)), where an enhanced CO»
concentration was employed. It can be explained by the enhanced CO,
diffusion rate owing to the modification of microstructure under accel-
erated test [23].

Consequently, this leads to questions about the properties of this
transitional zone in slag-containing mixtures under natural carbonation.
Theoretically, the carbonated zone undergoes a volume change due to
specific factors (e.g., the shrinkage of C - S - H gel phase), while the
uncarbonated zone remains stable in volume. This disparity in volume
change can cause strain in the transitional zone, potentially altering its
microstructure and heightening the risk of cracking. Key inquiries thus
include whether this zone places a weak link in transferring load, and
how its microstructure, micromechanical, and mineralogical properties
differ from other regions. Additionally, comprehending the zonation
phenomenon aids in exploring correlations with the diffusion of Oy
(related to corrosion) and CO; (pertinent to both corrosion and
carbonation) in cement-based systems.

Therefore, in the present investigation, slag-rich cement pastes were
prepared and were subjected to natural exposure for an extended
carbonation period of two years. The changes on microstructural,
micromechanical, and mineralogical properties across different areas
were investigated by a set of characterization techniques including
mercury intrusion porosimetry (MIP), scanning electron microscope and
energy-dispersive x-ray spectroscopy (SEM/EDS), nanoindentation,
thermogravimetric analysis (TGA) and quantitative x-ray diffraction
(QXRD) analysis. Emphasis was laid on the transitional area extending
from the carbonated area. The results obtained in this paper provide
insight into the properties of the transitional zone and the zonation
phenomenon observed in slag-rich cement paste.

2. Materials and methodology
2.1. Materials
CEM142,5N (NEN-EN 15167-1) from ENCI Maastricht B.V. and slag

product provided by Ecocem Benelux B.V. were utilized to produce
custom blended slag cement system. Chemical compositions of the
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Table 1
Chemical compositions (wt%) and physical properties of CEM I 42,5 N and
slag.

Cement Slag
CaO 64.5 41.67
SiO, 20.4 38.68
Al,03 5.3 9.65
MgO 1.7 7.02
Fe;03 3.2 0.25
TiO, - 0.63
MnO - 0.12
Na,O 0.5 0.16
K20 0.8 0.33
SO3 2.8 1.23
Others 0.4 0.26
dso (pm)* 26.81 31.13

# The particle size distribution of cement and slag was measured by EyeTech,
Ankersmid.
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Fig. 2. Particle size distribution of slag.
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Fig. 3. XRD scan of slag employed in this study.

cement and slag as determined by X-ray fluorescence spectrometer
(XRF) are given in Table 1. The detailed particle size distribution of
cement and slag was measured by laser diffraction and is shown in
Fig. 2.

Fig. 3 illustrates the spectra of X-ray diffraction (XRD) for slag. As
can be seen, it was entirely amorphous as no characteristic peaks can be
detected in the diffractogram. Additionally, the amorphous hump was
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Fig. 4. (a) Typical sawn surface of slag paste exposed in the laboratory for ~2 years and the coloration change after spraying with phenolphthalein solution, and the
division of carbonated (1), transitional (2), and uncarbonated (3) zones; (b) the rough positions of zone 2_top and zone 2_bottom based on digital light microscope

(VHX-7000 SERIES).
fluctuated at around 30° (20).
2.2. Sample preparation

For the specimens tested in the current study, cement was partially
replaced by slag at a constant substitution level of 70 wt%. The
replacement ratio was determined such that the composition of speci-
mens was comparable to CEM III/B (NEN-EN 15167-1). The water to
binder (cement -+ slag) ratio was kept at 0.40.

After 3 months of sealed curing, specimens were taken out of the
plastic bottles. To avoid being influenced by bleeding, the top layer of
the specimen (i.e., around 5 mm in thickness) was sawn off, and only this
side was exposed to the environment of laboratory for 2 years. The other
sides were sealed to ensure one-dimensional diffusion. The temperature
and relative humidity were maintained at 20 + 5 °C and 50 + 5 % in the
lab, respectively.

2.3. Tests

To prepare samples for analysis at different depths from exposure
surface, the specimens were first sliced based on phenolphthalein spray
results (e.g, Fig. 4). Then, these slices were immersed in the isopropanol
solution for hydration stop, dried at a 40 °C oven, ground to fine pow-
ders, and vacuumed for further analysis.

Thermogravimetric analysis (TGA) and Quantitative XRD (Q-XRD)
were carried out on ground powders to identify the phase assemblage.
Q-XRD data was collected using a Bruker D8 Advance diffractometer
Bragg-Brentano geometry and Lynxeye position sensitive detector with
Cu K-alpha radiation (using 10 wt% pure silicon as internal standard).
The machine was operated with an X-ray beam current of 40 mA at an
acceleration voltage of 45 kV. Approximately 1 g of powder was

deposited in PMMA sample holder L.25 for each mixture. Sample powder
was scanned from 5 to 60° (20) with a step size of 0.03° and a counting
time of 2 s per step. TGA was performed on a Netzsch STA 449 F3 Jupiter
coupled with mass spectrometer (MS) Netzsch QMS 430C under Argon
atmosphere. The emissions of HoO and CO; from the sample after
heating were thus identified. For each test, about 50 mg of sample
powder was heated from 40 to 900 °C at a heating rate of 10 °C/min in
an Al,Os3 crucible. The area under the MS CO, curve was calculated
through a commercial software Origin Pro 2019 (peak integral). This
value served as an index to characterize the CO, binding degree of
different phases in the investigated samples.

Mercury intrusion porosimetry (MIP) analysis was implemented on
small crushed particles to measure the properties of pore structure. The
relationship between pore diameter (D) and pore pressure (P) is given in
Washburn equation [24]:

_ 4ycos(0)

pP=
D

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°.

In addition, polished sections were also prepared for the micro-
analysis. During this test, samples were prepared without slicing. They
were immersed in isopropanol solution to stop hydration, dried at a
40 °C oven, and impregnated with epoxy resin. Subsequently, sample
surfaces were ground and polished down to 1 pm. Finally, these well-
polished surfaces were carbon coated at a thickness of about 10 nm.
For the microanalysis, a FEI QUANTA FEG 650 ESEM equipped with an
Energy Dispersive Spectroscopy (EDS) detector was employed in high
vacuum chamber condition. All microanalysis was examined at a
working distance of 10 mm and an accelerating voltage of 10 kV,
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Fig. 5. (a) Cumulative intrusion and (b) differential pore size distribution of carbonated (zone 1), transitional (zone 2_top and zone 2_bottom), and uncarbonated

areas (zone 3) of slag paste.

respectively. Phases in cement matrix and slag rims around anhydrate
slag particles were characterized by EDS microanalysis with internal
standard (standardless microanalysis).

Nanoindentation tests were conducted using a G200 Nanoindenter
equipped with a Continuous Stiffness Measurements (CSM) module.
Distinct zones, located at varying depths from the exposure surface of

a3

Det: CBS; Mag: 10‘0()-»

7MY -
Det: CBS; Mag:

(©

Det: CBS; Mag: 1000

slag-rich cement, were selected for analysis. These zones included the
carbonated area, the transitional zone near the carbonated area, the
transitional zone near the uncarbonated area, and the uncarbonated
zone. In each of these designated locations, a grid of 20 x 20 in-
dentations, spaced 20 pm apart, was systematically performed, covering
an area of 400 pm x 400 pm. Each indentation was made to a depth of

,«i“ﬂ'

20 pm

(d)

Fig. 6. Typical microstructures of (a) carbonated (zone 1); (b) transitional (zone 2_top); (c) transitional (zone 2_bottom); and (d) uncarbonated areas of slag paste

(zone 3).
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Fig. 7. Indentation modulus of (a) to (d): zone 1, zone 2_top, zone 2_bottom, and zone 3, respectively (o: weight percentage; p: mean value; o: standard deviation).

1000 nm at a consistent strain rate of 0.05 s *. The CSM module oper-
ated at a harmonic frequency of 45 Hz and a displacement of 2 nm. The
results for modulus and hardness were determined from the CSM
indentation curves by averaging the values obtained between indenta-
tion depths of 200 nm and 1000 nm.

3. Results and discussion
3.1. Phenolphthalein spray

The phenolphthalein indicator (1 g phenolphthalein in 100 g mixture
of 70 % ethanol and 30 % water) was applied to the freshly broken
surface (in 1 min after slicing), and color change was observed once the
color had stabilized (1 h after spraying). The typical cross-sectional
surface of paste specimen before and after phenolphthalein spray are
shown in Fig. 4 (a). As can be seen, zones with three different colors can
be seen along carbonation direction, which can be attributed to the
different diffusion rate of Oy and CO,, leading to varying depth of
oxidation and carbonation. The blue-green coloration of zone 3 is known
to be originated from the formation of blue-green metal sulfides under
anoxic conditions [16,17,25]. Hence, the persistence of this color im-
plies that minimal O has permeated this area, in contrast to zones 1 and
2, which have undergone oxidation. Considering that Oy diffuses more
rapidly than CO, within concrete, the green color further suggests that
CO4, has not yet penetrated zone 3.

Unlike zone 3, zone 1 exhibited a noticeable influence from both Oy
and COo, as indicated by the fading of its green color and the subsequent

shift to pink when phenolphthalein was applied. Remarkably, zone 2
displayed a mix of light green and pink colors, signifying that abundant
of oxygen (O2) present in this region while an insufficient amount of CO4
had reached this zone to significantly alter the local pH. Given the pri-
mary focus of this study on the impact of carbonation, we have classified
the three zones as follows: “carbonated zone” (labeled as 1), “transi-
tional zone” (labeled as 2), and “uncarbonated zone” (labeled as 3).

As observed, the carbonation depth extended to approximately 3—-4
mm, and the transitional zone reached a depth of nearly 15 mm. Within
the substantial transitional zone, we further subdivided it into two
distinct sub-zones, each approximately 2 mm in length. These sub-zones
are designated as “zone 2_top” located adjacent to the carbonated area,
and “zone 2_bottom” positioned along the border of the uncarbonated
region. To conduct a thorough analysis, samples were extracted from
four specific areas: zone 1 (carbonated), zone 2_top, zone 2_bottom
(both transitional), and zone 3 (uncarbonated).

3.2. Microstructure

3.2.1. MIpP

Pore size distributions of the four regions tested by Mercury Intrusion
Porosimetry are displayed in Fig. 5. Compared with non-carbonated
area (zone 3), the critical pore diameter of carbonated area (zone 1)
shifted right to the range of 0.1-10 pm with a bimodal mode (Fig. 5 (b))
and an increased total porosity (Fig. 5 (a)). It implied that a coarser pore
structure was created after carbonation. This effect can be assigned to
the carbonation-induced decalcification of C - S - H gel phase [9,26-29].
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assemblages of four areas. CH: portlandite; Ht: hydrotalcite-like phase; Ms.: calcium monosulfoaluminate; Cc: calcium carbonate.

Notably, the pore structures of the transitional area, especially close
to the carbonated zones (zone 2_top), mirrored that of the carbonated
area. This similarity indicates that the transitional zone was also sub-
stantially affected by carbonation. Although this region exhibited a pink
coloration after phenolphthalein spray (Fig. 4), COs had actually
entered this area and reacted with C - S - H gel phase, leading to an
increased critical pore diameter, in the range of 0.1-1 pm. Conversely,
zone 2_bottom remained unaffected by the attack of carbon dioxide,
exhibiting a pore structure similar to that of zone 3. This observation
further validates our use of the green coloration as a reliable boundary
marker to define the end of the transitional zone.

3.2.2. SEM

Figs. 6 show the typical microstructure at different depths. The
matrix in the carbonated area (zone 1) underwent considerable degra-
dation, as evidenced by the presence of many dark spots (Fig. 6 (a)). This
suggests the creation of extra capillary pores resulting from the decal-
cification of the C - S - H gel phase, which were later filled with epoxy
resin during epoxy impregnation. In zone 2_top, although the number of
black spots reduced, interconnected micro-cracks were developed near
the boundary with carbonated area (Fig. 6 (b)), possibly due to the
differential volume changes of adjacent areas. In the bottom part of
transitional area (zone 2 _bottom, Fig. 6 (c)) and non-carbonated area
(zone 3, Fig. 6 (d)), the matrix was densely intermixed with unhydrated
cement clinkers and slag particles. In summary, the results from both
SEM and MIP analyses suggest that the damage resulting from carbon-
ation extends beyond the fully carbonated zone (as indicated by
phenolphthalein). Moreover, this damage is primarily localized within
the zone where the green color fades due to oxidation (transitional
zone).

3.3. Micro-mechanical properties

To explore how the additional porosity influences local mechanical
properties, nanoindentation tests were conducted across all four zones,
with approximately 400 nanoindentations performed in each zone.
Detailed statistical deconvolution process of the nanoindentation results
can be found in [30].

Distribution of indentation modulus obtained from different areas
are shown in Fig. 7 (a) to (d). As can be seen from Fig. 7 (c) and (d),
curves in yellow and red, corresponding to low-density and high-density
C - S - H gel phase, peak around similar modulus value with a low
variance. For zone 2 _bottom, the value for low-density is 19.2 + 6.7
GPa, close to that of zone 3 (22.8 + 3.4 GPa). This indicates that the

micromechanical properties of zone 2 _bottom are nearly identical to
those of zone 3, suggesting that minimal CO; penetration occurred in
zone 2_bottom.

Regarding zone 1 and zone 2 _top (as shown in Fig. 7 (a) and (b)),
there is a noticeable decrease in the modulus values of the C - S - H gel
phases compared to the those of zone 2_bottom and zone 3, which is due
to the degradation or decalcification after CO attack. Notably,
regarding zone 2_top, the frequency distribution of the low-density C-S-
H gel phase (yellow curve) has shifted significantly towards the lower
end, concentrating at 8.6 + 4.3 GPa, which is lower than that of zone
2_bottom (19.2 + 6.7 GPa) and zone 3 (22.8 + 3.4 GPa). It is important
to note that this value is even lower than that of the fully carbonated
zone (zone 1), which is approximately 14.8 GPa. This suggests that CO»-
induced degradation can be more severe in the transitional zone
compared to the fully carbonated zone. Even though zone 2 displayed
pink coloring post-phenolphthalein spray, implying it was non-carbo-
nated, the micro-mechanical properties of this area close to the
carbonated zone had notably reduced. This observation aligns with the
results obtained from MIP and SEM analyses (Section 3.2).

3.4. Mineralogical properties (phase assemblage)

To further investigate the carbonation degree of the transitional
zone, a comprehensive mineralogical investigation was conducted.
Thermal analysis (TG-DTG-MS), quantitative X-ray Diffraction (QXRD),
energy-dispersive X-ray spectroscopy (EDS), have been performed to
investigate the evolution of phase assemblage across different areas.

3.4.1. QXRD

Fig. 8 (a) shows the XRD spectra of phase assemblage in the
carbonated, transitional (top and bottom), and non-carbonated areas
(5-20° for highlight). As can be seen, hydrotalcite-like phase was seen in
each region, despite that its composition had been altered (carbonated).
Monosulfate was not detected in the carbonated area, while it was
visible in the transitional and uncarbonated zones [31,32]. The peak
intensity of portlandite increased significantly from carbonated to
non-carbonated area, suggesting that the carbonation degree reduced
with depth.

Fig. 8 (b) reveals the quantified phase assemblages of four areas,
using open-source software Profex [33]. It should be noted that the
unlabeled part in each stacked column consisted of various amorphous
phases, including unhydrated slag grains, C - S - H gel phase, and silica
gel phase (carbonation product of C - S - H gel phase), etc. It was evident
that amorphous phases dominated in all regions, and their contents
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Fig. 9. The DTG results, H,O and CO, MS curves of (a) carbonated (zone 1); (b) transitional (zone 2_top); (c) transitional (zone 2_bottom); and (d) uncarbonated
areas of slag paste. CH: portlandite; Ht: hydrotalcite-like phase; Ms.: calcium monosulfoaluminate.
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Table 2
The CO, concentration (/100 g binder) of carbonated hydrotalcite-like phase
and calcium carbonate obtained from QXRD and TG-DTG-MS.

CO, concentration (/100 g binder)

Carbonated hydrotalcite-like Calcium carbonate

phase
QXRD* TG-DTG-MS QXRD  TG-DTG-MS
Carbonated 0.18 2.44 11.66 13.32
Transitional_top 0.16 1.15 6.34 7.11
Transitional_bottom 0.13 0.37 2.55 2.52
Uncarbonated 0.15 0.30 1.67 1.98

# Note that the CO5 binding ability of hydrotalcite depends on its Mg/Al ratio.
As can be seen in Fig. 11 (b), the Mg/Al ratio carbonated hydrotalcite-like phase
was close to (slightly higher than) 4:2, thus Mg4Al;(OH);5(CO3)e4(H20)) was
assumed as the stoichiometric formula of this phase in the paper.

decreased remarkably in the carbonated zone, due to the carbonation of
amorphous C - S - H gel phase and the thus formation of crystalline
calcium carbonate. Additionally, note that the amount of hydrotalcite-
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like phase levelled off roughly, in the range of 1.5-2.0 wt. The por-
tlandite content remained low, even in the uncarbonated area, approx-
imately at 2.5 wt%. This is attributed to the 70 wt% slag replacement
level and the age of the specimens, which is 2 years. Also, it was noted
that the amounts of unhydrated cement clinkers (CsS, C3S, and C4AF)
reduced gradually from non-carbonated to carbonated area, which was
related to the direct carbonation of clinker phases [34,35].

Aligning with the findings from thermal analysis presented in Fig. 9,
the hydration products in Zone 2_top underwent significant carbonation,
contrasting with Zone 2_bottom in terms of carbonation degree. Even
though the entire zone 2 displayed pink coloring post-phenolphthalein
spray, the calcium carbonate content in Zone 2_top was over twice
that of Zone 2 bottom, indicating extensive degradation from CO»
attack. Taking into account the micromechanical characterization re-
sults discussed in Section 3.3, it can be inferred that the phenolphthalein
spray might not accurately determine the carbonation depth in slag-rich
cement.

Table 2 compares the COs concentration (/100 g binder) of
carbonated hydrotalcite-like phase and calcium carbonate obtained
from QXRD and TG-DTG-MS. For CO; concentration in calcium
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Fig. 10. (a) The DTG result, CO, MS curve of pure CaCOs; (b-e) The CO, MS curve of slag paste in the carbonated, transitional (top and bottom), and non-carbonated

areas, respectively.
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Table 3
The calculated areas under MS CO; curve and the corresponding CO, concen-
tration of each carbonate phase (/100 g binder).

Area under the MS CO, curve (Ae°C) Total
Carbonated Carbonated Calcium
Ca—Al AFm hydrotalcite- carbonate
phases like phase
Pure CaCO3 - - 1.1*%1077 1.1 %
1077
Carbonated 1.2%10°° 6.1%10°° 33*10°%  4.0*
1078
Transitional_top 4.2%1071° 2.8+107° 1.8%¥107%  21*
1078
Transitional_bottom 1.4*107° 9.3%10 ' 63%10°  8.6*
10°°
Uncarbonated 1.5%10°° 7.4%10°1° 49%10° 7.1*
10°°
CO;, concentration of each carbonate phase (/100 g  Total
binder)
Carbonated Carbonated Calcium
Ca—Al AFm hydrotalcite-like ~ carbonate
phases phase
Pure CaCO3 - - 44.0 44.0
Carbonated 0.5 2.4 13.3 16.2
Transitional_top 0.2 1.1 7.1 8.4
Transitional bottom 0.6 0.4 2.5 3.5
Uncarbonated 0.6 0.3 2.0 2.9

carbonate, the measured values were similar between these two quan-
titative techniques. This is because that various polymorph of calcium
carbonate, including amorphous calcium carbonate, metastable calcium
carbonate (aragonite and vaterite), and calcite were present simulta-
neously in a carbonated cement-based system [36-38]. Under long term
natural exposure, amorphous carbonate was converted into metastable
and stable forms gradually through dissolution-precipitation process
[38], which thus can be detected by XRD. In contrary, for CO5 content in
carbonated hydrotalcite-like phase, relatively large discrepancy was
identified between values obtained from two techniques, and signifi-
cantly higher values were given by TG-DTG-MS. This is because that
XRD can only detect CO, which is chemically bound in the crystalline
phase, e.g, MgsAlo(OH)15(CO3)e4(H20). However, because of its
layered microstructure, hydrotalcite-like phase exhibits a large specific
surface area comparable to C - S - H gel phase [39], which provides
numbers of natural site to fix free CO2 molecules both physically and
chemically [40,41]. As confirmed in [42,43], physically bound COy
molecules started to be released from 250 °C while this portion cannot
be measured by XRD. These reasons explained the reduced CO» con-
centration in carbonated hydrotalcite-like phase determined by XRD.
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3.4.2. TG-DTG-MS

Figs. 9 (a)-(d) present the DTG (derivative thermogravimetry) results
and mass spectrometer (MS) curves of the four regions, respectively. As
can be seen from Fig. 9 (a), the specimen experienced a heavy CO, attack
in the carbonated zone (zone 1). No calcium monosulfoaluminate
(monosulfate in short) can be detected in this part, for that no shoulder
like plateau can be observed in the curve around 200 °C. Although
calcium hydroxide, which decomposes between 450 and 500 °C, was
still observed, the amount of it was far less than that of uncarbonated
region (zone 3) as shown in Fig. 9 (d). The main COy-bearing phases in
this area were calcium carbonate, sourcing from the reaction between
CO3 and calcium hydroxide as well as C - S - H gel phase. Hydrotalcite-
like phase was also carbonated, verified by the increase in the ion cur-
rent intensity of COy at ~250 °C and 350-450 °C. The small hump
occurring at 100-200 °C of CO, MS curve was assigned to the formation
of carbonated Ca—Al AFm phases [26,31,32].

Compared to zone 1, zone 2_top in the transitional part experienced a
less but also significant CO5 attack as revealed in Fig. 9 (b). A notable
reduction in portlandite content and increase in calcium carbonate
formation can be observed. By comparing Fig. 9 (c) and (d), it is
observed that both Zone 2 bottom and Zone 3 display similar

Fig. 12. Three typical sawn surfaces of blended cement paste A, B, and C with
different slag chemistries. They were cast in the same batch and exposed in the
laboratory for ~2 years. As can be seen, their transitional areas presented
significantly variable widths.
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Fig. 11. Typical plots of (a) Al/Ca against Si/Ca and (b) Mg/Si against Al/Si in atomic ratio of slag paste at different depths.
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Fig. 13. Differential pore size distribution of transitional area of slag paste A, B,
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carbonation characteristics, evidenced by the detection of monosulfate.
Additionally, a substantial amount of Ca(OH)2 was found to remain in
these zones. Overall, there was a gradual decrease in the amount of COy
penetration along the exposed direction. Notably, Zone 2_top and Zone
2_bottom exhibited markedly different degrees of carbonation, with the
hydration products in Zone 2_top undergoing significant carbonation.
This observation supports our classification of Zone 2 as a critical
transition zone, highlighting its unique role in the carbonation process.

To quantify CO; content in different COz-bearing phases at different
depths, high quality CaCO3 (calcite, from VWR Chemicals BDH) was
adopted as standard specimen [26,31]. Fig. 10 (a) illustrates the DTG
result, CO2 MS graph of pure CaCOj3. The area under the MS CO; curve
(Ae°C) corresponding to 44 wt% CO, releasing from CaCO3 was deter-
mined using software OriginPro 2019. Similarly, the CO, uptake profile
across different areas can thus be calculated, which are revealed in
Figs. 10 (b)-(e).

Calcium carbonate presents several different polymorphs in the
carbonated cementitious materials which decompose from around
500 °C [36-38]. Although their decomposition peaks overlap with each
other, it does not affect the determination of total CO5 bound in calcium
carbonate. As for carbonated hydrotalcite-like phase, it releases COy
from 250 to 450 °C [42,43]. Fortunately, no other phases releases CO, at
this range in the carbonated slag cement paste. Therefore, the areas Al,
A2, and A3 in Fig. 10 (b)-(e) correspond to the amount of CO, released
from carbonated Ca—Al AFm phases, carbonated hydrotalcite-like
phase, and calcium carbonate, respectively.
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The calculated areas under MS CO; curve and the corresponding CO»
concentration of each carbonate phase (/100 g binder) in the sample is
given in Table 3. As can be seen, the amount of absorbed CO5 decreased
when moving from carbonated to non-carbonated region. Different
polymorphs of calcium carbonate were the primary CO,-bearing phases,
with approximately 80 % of the CO5 being sequestered in these phases.
The remaining CO; (approximately 20 %) was jointly absorbed by
carbonated Ca—Al AFm phases and, notably, the hydrotalcite-like
phase.

Similar to the results in Sections 3.4.1 and 3.4.2, the top and bottom
subzones in the transitional part showed different degrees of CO2 up-
take. The CO5 concentration in calcium carbonate in the zone 2_top was
about 2.5 times that of zone 2_bottom. In addition, around threefold CO,
was fixed by hydrotalcite-like phase in the top of transitional area.

3.4.3. SEM-EDS

The elemental compositions of hydrated phases in cement matrix and
rims around unhydrated slag grains in different positions were charac-
terized by SEM-EDS microanalysis with internal standards (standardless
microanalysis). Typical plots of Al/Ca against Si/Ca and Mg/Si against
Al/Si in atomic ratios are reported in Figs. 11 (a) and (b), respectively. In
general, the measured Ca/Si atomic ratios of C - S - H gel phase fluctu-
ated at around 1.0, in good agreement with the values reported in
[13,41]. Substantial decalcification occurred in the carbonated and top
of transitional zones, and decalcified C - S - H gel phase existed with
lower Ca/Si ratio, circle 1 in Fig. 11 (a). As for points in circle 2 with
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Fig. 15. The 2D-local porosity of slag A, B, and C pastes along carbonation

direction. It was measured by thresholding the BSE images (2.47 pm/pixel) at
first and subsequently smoothed by the average of adjacent 200 pixels.

Carbonated zone

~3.5 mm

Fig. 14. BSE images of slag paste (a) A, (b) B, and (c) C along carbonation direction.

>30 pixel value).

Top: BSE image; and Bottom: BSE image after segmentation for pores (<30 and
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Table 4
The calculated areas under MS CO, curve of each carbonate phase in the
carbonated and transitional areas (/100 g binder).

Area under the MS CO, curve (Ae°C) Total
Carbonated Carbonated Calcium
Ca—Al AFm hydrotalcite- carbonate
phases like phase
Transitional ~ Sample A 0.8 *107° 0.9 *107° 51%107° 6.8*
107°
Sample B 1.1*10°° 1.1*107° 6.6%10° 88*
107°
Sample C 4210710 2.8%*107° 1.8%107°% 21*
(zone 1078
2_top)

Sample C 1.4*107° 9.3*1071°  63*107° 86*
(zone 107°

2_bottom)
Carbonated ~ Sample A 1.5*%107° 1.1*10°8 38*10°® 5.0*
1078
Sample B 1.2%107° 6.9*107° 37%107% 45*
1078
Sample C 1.2%107° 6.1 *107° 33%107° 4.0+
1078

extremely low Si/Ca ratio, some calcium carbonate had probably been
incorporated into measurements.

The hydrotalcite-like phase formed in slag rims seemed to be unaf-
fected by CO, attack. The Mg/Al atomic ratio derived from the regres-
sion analysis of Mg/Si vs. Al/Si scatter plot (Fig. 11 (b)) remained nearly
the same in each zone. It also indicated that this phase kept intact during
carbonation, ie., the CO2 uptake in the interlayer space would not
decompose the network structure of hydrotalcite-like phase [26,31].

3.5. Transitional area of different widths

To further investigate the features of the transitional zone, several
blended cement pastes with different slag chemistries were investigated.
Three representative examples were illustrated in Fig. 12. The sample
examined earlier is sample “C”, which has the most obvious transitional
zone. Although they exhibited a similar carbonation depth in 3-4 mm,
the width of transitional area varied considerably among them. Some
characterization presented above were repeated to determine if the
conclusions are applicable to slag with different composition.

Fig. 13 displays the differential pore size distribution of transitional
area of each paste. Note that zone 2_top of slag paste C gave the largest
critical pore diameter in this region, i.e., several hundred nanometers.
Considering the mean free path of 73 nm for O, [21] which was notably

Probability density function of modulus
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smaller than the critical pore diameter, normal diffusion was expected to
dominate in the pore structure of zone 2 _top of slag paste C. As for slag
paste A, no distinct peak can be seen in the range of 0.1-1.0 pm. In other
words, gel pores and small capillary pores, with a diameter <100 nm,
dominated here. Therefore, the mean free path of O, roughly equaled to,
or was larger than pore diameter slightly. Under this circumstance,
Knudsen diffusion prevailed in the transitional area of slag paste A,
which was substantially slower than normal diffusion occurring in larger
pores in slag paste C [21,22], leading to a reduced width of transitional
area observed in slag paste A.

Furthermore, polished section of paste C was utilized as an example
to obtain back-scattered electron (BSE) images (Fig. 14) for porosity
characterization. The segmentation of pores was carried out on BSE
images by thresholding grey pixel value (< 30) [44]. Besides, Fig. 15
presents the 2D-local porosity of slag A, B, and C pastes along carbon-
ation direction, according to the segmentation results of a 2 mm
(perpendicular to carbonation direction) x 7 mm (parallel to carbon-
ation direction) area.

Slag paste A presented the smallest porosity in the carbonated area,
and the local porosity levelled off at roughly 2.5 % when moving into the
transitional zone. Comparatively, slag paste C was more porous after
carbonation, although it displayed a similar carbonation depth to the
others. Its local porosity decreased gradually when approaching the
boundary with transitional region. Unlike slag paste A and B, the
porosity of slag paste C fluctuated dramatically when entering the
transitional area. The local porosity reduced to close 2.5 % after addi-
tional ~1.0 mm. Moreover, continuous micro-cracks were propagated
into this region (Fig. 14). As explained in [45-47], this area was also
named as ‘dissolution area’, and it was a reactive part where Ca-bearing
phases (including portlandite and C - S - H gel phase) progressively
decalcified, and the porosity was thus increased here.

The variation in the widths of the transitional areas observed in slag
pastes A, B, and C is thought to be associated with the distinct CO;
binding capacities of each mixture. Table 4 gives the calculated areas
under MS CO; curve of each carbonate phase in the carbonated and
transitional areas of them. As can be seen, slag paste A bound the most
CO4 in the carbonated area per 100 g binder while the least for slag paste
C. In other words, slag paste A showed a stronger CO5 binding capacity
and a higher degree of carbonation.

As less CO5 was bound in the carbonated zone, more CO-, entered the
transitional region of slag paste C. These diffused CO2 induced the
partial carbonation of cement matrix in this area and modified the
microstructure, as a result. Especially for the part close to the boundary
with carbonated zone, black spots indicating the formation of capillary
pores were frequently detected (Fig. 6 (b)). Continuous micro-cracks
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0.06

0.07

0.06

0.05
0.05
20,04t )
3 50.04
£0.03 &
8 $0.03
= 2
S0.02f =
o o
0.02
0.01 0.01+
0 - L 0 11
0 20 40 60 80 100 0 20 40 60 80 100
Modulus (GPa) Modulus (GPa)
(a) (b)

Fig. 16. Indentation modulus of transitional area of (a) slag B and (b) slag C pastes, respectively.
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also penetrated into this part (Fig. 6 (b) and Fig. 14). The enlarged
porosity in turn promoted the diffusion of O, leading to a wider tran-
sitional zone seen in slag paste C.

The relative frequency of indentation modulus obtained from the
transitional area of slag paste A and B are shown in Fig. 16 (a) and (b),
respectively. The highest peak in the frequency histogram of both graphs
was supposed to be C - S - H gel phase. Interestingly, no obvious
degradation regarding the micro-mechanical properties of C - S - H gel
phase (~19.0 GPa) was detected for these two samples in the transi-
tional region.

In fact, the essence of transitional area occurring in slag-containing
systems under natural carbonation can be explained by the concept
‘carbonation front’ [37,44,48]. This term is defined as the zone sand-
wiched between carbonated and non-carbonated areas. Its width can be
determined through XRD, thermogravimetry, Raman spectroscopy, pore
solution, etc. [36,38,49,50]. The work in [37] demonstrated that the
width of carbonation front was directly linked to the ratio of two time
scales, tg and tp, which were associated with the carbonation reaction
rate and CO, diffusion coefficient, respectively. It was calculated that
the more porous the microstructure was, the broader the carbonation
front was. These conclusions were in good agreement with results ob-
tained in the current study. According to the 2D-local porosity profile
determined in Fig. 15, slag paste A exhibited the smallest porosity in the
carbonated region. Correspondingly, it illustrated a negligible transi-
tional region as observed in Fig. 12. As for slag paste B and C, the
carbonation front was smooth as the 2D-local porosity reduced gradu-
ally when moving from carbonated to transitional zone. Correspond-
ingly, the width of transitional area increased for these two pastes.

Therefore, besides carbonation depth commonly measured by
phenolphthalein spray, the width of transitional area (visual inspection)
can be adopted as another indicator to assess the carbonation resistance
of slag-containing systems, especially for mixtures presenting similar
carbonation depths. It can be concluded that the wider the transitional
area, the smoother the carbonation front, the more porous the micro-
structure of carbonated and transitional areas. Emphasis should also be
laid on the part near the boundary with carbonated zone, where the
porosity increased compared to the other parts of transitional zone. It
provided more transport passages for the upcoming O and CO,, thus
weakening the carbonation resistance and enhancing the corrosion risk
of reinforcement in concrete structures.

4. Conclusions

The paper investigated the changes on microstructural, micro-
mechanical, and mineralogical properties across different areas of slag-
rich cement paste after long-term indoor exposure. Emphasis was mainly
laid on the transitional zone. The main conclusions drawn were as
follows:

1. Carbonation-induced damage extends beyond the fully carbonated
zone identified by phenolphthalein. Particularly in the transitional
area adjacent to the carbonated zone, which appears pink after
phenolphthalein application, there is clear evidence of microstruc-
tural damage caused by carbonation as verified by MIP and SEM.

2. Nanoindentation findings confirm that the micromechanical prop-
erties of the transitional zones are inferior to those of the uncarbo-
nated zone. Notably, the section of the transitional zone near the
carbonated area is especially fragile, showing weaker properties than
even the fully carbonated zone, likely a result of microcrack forma-
tion in this region.

3. Mineralogical analysis indicates that the transitional zone underwent
carbonation, even though it turned pink post-phenolphthalein
application. The depth of carbonation stays within the range where
slag-containing blends loss its green coloration, which validates the
use of the green coloration as a reliable boundary marker to define
the transitional zone.
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4. The width of the transitional area can serve as an indicator for
evaluating the carbonation resistance of slag-containing blends and
potentially the corrosion potential. A wider transitional area in-
dicates a smoother carbonation front.
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