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In this paper, the authors characterized two types of zonation within slag rims in aged alkali-activated slag (AAS)
systems through SEM and TEM technology. These two elemental zonation were closely related to the pore
structure of AAS pastes, thus providing strong implication for the transport- and durability-related performance
of AAS systems. The first type of zonation occurred in the rims of AAS specimens under sealed curing. It was
found that lath-like hydrotalcite-like phase accumulated near the boundary while a generally homogeneous and
foil-like C-(N-)A-S-H gel phases precipitated in the following sub-zone. When slag rims were thick enough, a new

Mg-rich region occurred. The second type of zonation was noticed in the carbonated AAS pastes. For this kind of
distribution pattern, C-(N-)A-S-H gel phases were observed near the boundary. Following, the accumulation of
Mg and Ca occurred alternatively. Additionally, transformation mechanism between these two types of zonation

was also proposed.

1. Introduction

Blast furnace slag (slag for short) is the waste of steelmaking industry.
At a temperature of around 1450 °C, the raw iron ore gangues, reduced
substances, and components of melted coke are combined to form liquid
slag in the blast furnace, and it is referred to as a CaO-SiO3-Al;03-MgO
system [1]. The fine ground slag has been widely used in Europe, North
America, etc. for partial replacement of cement clinker [2-4]. Addi-
tionally, it has also been used as raw material in alkali-activated sys-
tems, such as alkali-activated slag (AAS). Together with a suitable
activator, AAS can develop desirable properties [5-8].

Slag hydration in alkaline solution is generally accepted to follow a
dissolution-precipitation-diffusion mechanism [9]. The dissolution-
precipitation mechanism governs the process at an early age [10,11].
Ion diffusion mechanism controls the continuous hydration of unreacted
slag particle at a later age when it has been covered by precipitations
[12]. Depending on the alkaline source, hydrotalcite-like phase, C-A-S-H
gel phases in cement-based systems [13] or C-(N-)A-S-H gel phases for
alkali-activated mixtures [14-18] have been confirmed as the hydration
products of slag itself.

Meanwhile, these hydrates only precipitate within the initial
perimeter of slag, where they are mixed and called as ‘inner’ hydration
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products of slag, also termed as ‘slag rim’ [13]. According to Trans-
mission Electron Microscope (TEM) observations, a fine-textured inner
products was noted [19-23]. Among them, the plate- or lath-like
morphology, indicated the precipitation of hydrotalcite-like phase,
was commonly found [22,23]. On the other hand, contradictory opin-
ions regarding the distribution pattern of hydrates in the slag rim do
exist in the literature. Based on TEM and Scanning Electron Microscope
(SEM) observations, Ye [24] considered that hydrotalcite-like phase
(electropositive) and C-A-S-H gel phase (electronegative) were strongly
attracted to each other in the rim of slag. The results in [25] also pointed
out that the rims surrounding unreacted slag grains were actually a
composite phase of C-A-S-H gel phase and hydrotalcite-like phase.
Opposite to intermixture, Li et al. demonstrated that three sub-zones,
namely Mg-Al hydrotalcite-like phase, C-A-S-H gel phase, and Ca-Al
layered double hydroxide phase, were produced around unhydrated
slag particles [26]. According to our earlier investigations [27], the
distribution patterns of inner hydrates were strongly related to the initial
diameters/sizes of slag particles.

On the other hand, durability-related issues of AAS are still under
debate, limiting their applications in engineering practice. Especially for
carbonation, researchers have observed a low carbonation resistance of
AAS systems compared to conventional Portland cements [6,8,28]. It
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Table 1
Chemical composition of slag.
Oxide (wWt%) CaO SiOy Al,O3 MgO Fe,03 SO3 Na,O K20 Lor*
Slag 39.8 35.5 13.5 8.0 0.64 1.0 - 0.33 1.15

? Loss on ignition at 950 °C.

Table 2
Mixture design of alkali-activated slag pastes (in gram).

Slag SiOy NayO Modulus Water” Liquid/binder (1/b)
Group 1 100 6.7 4.8 1.45 38.5 0.5
Group II 50 6.7 4.8 1.45 38.5 1

? The pH of the water glass solution used was 14.4, measured by pH meter.

can be assigned to the absence of portlandite, the low Ca/Si ratio of the
gel phases, as well as the high alkali content of pore solution in alkali-
activated binder. C-(N-)A-S-H gel phases in the matrix decalcified dur-
ing carbonation to form various carbonates [28]. As for the influence of
carbonation on slag rims of AAS, few results are found in the existing
literature.

For the regularly distribution pattern of hydrates in the slag rim (also
referred to as ‘zonation’), it is always linked to the Liesegang phenom-
enon occurring in nature. It is a quasi-periodic self-organized precipi-
tation appearing with the movement of reaction front [29]. Through
diffusion-controlled migration of reactants, various patterns, including
rings (in particular), bands, as well as spheres, are commonly noticed in
saturated porous mediums [30]. Two nucleation theories have been
summarized to explain various Liesegang patterns: (1) Ostwald's su-
persaturation theory (i.e., pre-nucleation theory) associated with the
cycle of supersaturation-nucleation-depletion [30-32] and (2) compet-
itive particle growth model (i.e., post-nucleation theory) [33-37] with
the development of Lifshitz-Slyozov instability [38]. Its occurrence in
the hydration of cementitious materials, e.g., fly ash and slag, has also
been reported [39-42]. However, very few research have studied the
exact composition of each ring, different distribution patterns and cor-
responding formation mechanisms, as well as their implications for the
microstructure of matrix. Besides, according to the best of authors'
knowledge, no research focused on the effect of carbonation on the
distribution patterns of hydrates within slag rims.

To fill these gaps, the authors in the present study identified two
types of zonation in the rims of (partially or completely) hydrated slag
grains of aged AAS pastes under different conditions (sealed, naturally
exposed, and accelerated carbonation), by means of SEM and TEM. The
exact composition of each ring was studied, different distribution pat-
terns of hydrates in the rims were summarized, similarities and differ-
ences as well as the possible transformation mechanism between them
was explored and discussed. Furthermore, it was found that the forma-
tion of different types of zonation in the slag rims was closely related to
the pore structure. This provided important insight into transport- and
durability-related performance of AAS-based systems, as the transport of
various harmful species, including CO,, chloride, sulfate, etc. was
dominated by the pore structure.

2. Materials and methodology
2.1. Materials

The slag adopted in this paper was produced by Ecocem Benelux B.
V., the Netherlands. Its chemical composition based on the measurement
of X-ray Fluorescence (XRF) is shown in Table 1. In addition, it presented
a specific gravity of around 2900 kg/m® and its dso was ~19 pm.

Analytical regent sodium hydroxide (purity >98 %), liquid sodium
silicate solution (8.25 wt% of Nay0, 27.50 wt% of SiO,, and 64.25 wt%
of Hy0), and distilled water were employed for the preparation of

alkaline activator. It was prepared 24 h before casting and allowed to
cool down at a room temperature of 20 + 3 °C.

2.2. Sample information

Two groups of AAS paste were prepared for different curing condi-
tions in the study. Table 2 gives the detailed information of each group.
After demoulding, half of the specimens of Group I was naturally
exposed to the laboratory environment at a temperature of 20 + 3 °C
and relative humidity (RH) of 50 + 5 %. The other half was sealed for
curing. After about 6 years of curing, all the AAS pastes of Group I were
examined in the present research. To reproduce the phenomenon found
in long-term natural curing condition with an accelerated test, the au-
thors prepared a new mixture, i.e., Group Il as introduced in Table 2. The
liquid/binder ratio was enhanced to 1.0 to accelerate the reaction of slag
and formation of thick rims around unreacted grains. After 6 months of
sealed curing in the same laboratory, they were unsealed and moved to a
carbonation chamber. Accelerated carbonation curing was carried out
with a CO5 concentration of 0.5 vol% =+ 0.1, at 20 + 3°Cand 65 + 5 %
of RH. The accelerated carbonation curing lasted for 6 months. Note that
increased porosity due to high liquid/binder ratio further promoted the
carbonation degree of specimens.

2.3. Experimental methods

The reaction products formed in AAS pastes were characterized by
thermogravimetric analysis (TGA) and X-ray diffraction (XRD). Before
measurement, representative pastes were crushed into small pieces and
the reaction was terminated by solvent exchange with isopropanol. Af-
terwards, these pieces were ground into fine powder using a mortar and
further meshed to below 63 pm. Netzsch STA 449 F3 Jupiter Netzsch
QMS 430C was employed for TG analysis. Approximately 50 mg sample
powder was heated from 40 to 900 °C (10 °C per min) under an argon
atmosphere. XRD data was collected using a Philips PW 1830/40 Pow-
der 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°.

For Mercury Intrusion Porosimeter (MIP) analysis, it was performed
with a Micromeritics Autopore IV which determined the pore size down
to 7 nm (corresponding to a 0-210 MPa range of applied pressure). After
hydration stop, crushed particles were stored in a desiccator under
vacuum until constant weight. It should be noted that the surface tension
of 0.485 N/m and the contact angle of 140° were used for determining
pore size in the paper.

Meanwhile, the polished sections of AAS pastes under different
curing conditions were also prepared. After proper grinding and pol-
ishing, the surfaces of selected AAS specimens were carbon coated. For
back-scattered electron (BSE) images, these carbon-coated samples were
examined with a FEI Quanta FEG 650 ESEM under a 10 kV accelerating
voltage and a working distance of 10 mm. X-ray energy dispersive de-
tector was also equipped to determine the elemental compositions of
phases interested with internal standard (standardless microanalysis).

Additionally, some of the polished surfaces were characterized using
TEM. These samples were loaded into a dual-beam FIB-SEM system
(Zeiss Crossbeam 540) to precisely navigate slag rims of interest. The
schematic illustration of sample preparation with this system is intro-
duced in Fig. 1. After loaded into the equipment (Fig. 1(a)), the region of
interest (as indicated by blue rectangle in Fig. 1(b)) was located by
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(a) Loading the sample (b) Target area (blue box)

S5um

(c) Coating with platinum as cover (d) Cutting the matrix

(e) Extracting the slice (f) Placing on a Cu support

(g) Milling for TEM analysis (h) Top view after milling

Fig. 1. Schematic illustration of sample preparation for TEM analysis using a dual-beam FIB-SEM system.

means of back-scattered electron (BSE) image. This area was probably using Ga™ ion (Fig. 1(d)). Subsequently, the target area beneath the

originated from a totally hydrated slag grain. Afterwards, it was coated platinum cover was extracted from the matrix (the slice in Fig. 1(e)) and
with platinum on the surface, as exhibited in Fig. 1(c). The matrix on the transferred to a Cu support as shown in Fig. 1(f). Focused Ga™ ions were
both sides of platinum cover was slowly cut by focused-ion-beam (FIB), further employed to thin the extracted slice (Fig. 1(g)) and sample with a
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Fig. 2. (a) TG and DTG; (b) XRD results of AAS pastes under different curing conditions. Ht: hydrotalcite-like phase; A: aragonite; C: calcite; V: vaterite.
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Fig. 3. (a) and (b) Representative BSE micrographs of the microstructure of alkali-activated slag paste after approximately 6 years of sealed curing.

thickness of ~100 nm was yielded (Fig. 1(h)). One should keep in mind
that due to the brittleness of AAS paste, both the accelerated voltage and
beam density of focused Ga™ ions should be kept as low as possible, to
minimize the damage caused by milling process [26]. Finally, the nano-
scale morphology and elemental compositions of the prepared samples
were observed through FEI talos F200X G2 in tandem with a high-angle
annular dark-field detector (HAADF).

3. Results and discussion
3.1. Reaction products in AAS pastes under different curing conditions

Fig. 2(a) exhibits the TG and DTG curves along with the identified
temperature ranges of AAS samples under different curing conditions. A
distinct peak at around 150 °C was found in AAS paste with sealed
curing, which can be assigned to the dehydration of gel phases, e.g., C-
(N-)A-S-H gel phases [12-14]. A small hump was also identified at
~350 °C, associated with the decomposition of hydrotalcite-like phase.
As for the specimens cured naturally in the laboratory, the broad peak
starting from about 300 °C corresponded to the release of CO5 from
various metastable to stable carbonates [43,44]. The intensity of
decomposition peak for gel phases also decreased remarkably, con-
firming their carbonation during naturally exposed curing. For

specimens with accelerated carbonation curing (Group II), they pre-
sented a similar thermal decomposition characteristics to naturally
exposed ones. Relatively more carbonates were formed in this blend due
to the more severe CO; attack, and the greater mass loss was seen be-
tween 350 and 900 °C.

XRD results reveal the presence of hydrotalcite-like phase and C-(N-)
A-S-H gel phases in AAS paste after sealed curing for around 6 years
(Fig. 2(b)). After natural exposure (Group I) or accelerated carbonation
curing (Group II), the peak for C-(N-)A-S-H gel phases disappeared,
meaning that these specimens had been carbonated. Aragonite, calcite,
and vaterite were identified as the main polymorphs of CaCOj3 in the
carbonated samples. On the other hand, note that hydrotalcite-like
phase was still observed after such a heavy CO» attack in both groups.

3.2. Zonation under sealed curing (type I)

Fig. 3(a) and (b) displays the representative microstructure of alkali-
activated slag paste after approximately 6 years of sealed curing. The
microstructure was composed of a mixture of unreacted slag grains, slag
rims, and gel matrix. Both fully and partially reacted slag particles can
be observed throughout the matrix and distinguished by their thick rims
and/or unreacted cores. Overall, these observations suggested that the
long-term sealed curing process had resulted in a well-developed
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Fig. 4. Linescan-profiles of Ca, Si, Al and Mg (atomic %) along the dissection lines (a) A-B, (b) C-D, and (c) E-F shown in Fig. 3.

microstructure with a high reaction degree of slag.

Fig. 4(a)-(c) reveals the linescan-profiles (atomic ratio) of main el-
ements along the dissection lines A-B, C-D, and E-F in Fig. 3, respec-
tively. Two distinct areas were observed upon the full hydration of slag
grain in circle 1. A clear increase in Mg and Al concentrations while a
decrease in Si content was noticed near the boundary. Conversely, the
concentration of Mg went down when approaching the core (Fig. 4(a)).
Unlike the slag grain in circle 1, an even higher magnesium concentra-
tion was measured in the center of slag grain in circle 2, as Fig. 4(b)
shows. Additionally, most Ca and Si ions had migrated out, indicated by
the significant drop of their concentrations when moving to the middle.
As for the partially hydrated slag grain in circle 3, three areas were
clearly visible. The boundary abundant in Mg appeared dark; the adja-
cent sandwiched zone presented a less dark coloration, as Ca and Si
concentrations rose in this area. When approaching inside further, a new
region also enriched in Mg and scarce of Si occurred, surrounding the
unreacted slag particle (Fig. 4(c)).

This type of zonation under sealed curing was similar to that
observed in aged cement-slag system in [27]. It mainly presents two
distinctive features: (1) Magnesium is always accumulated near the
boundary of slag particle, irrespective of its original size/shape; and (2)
when the rim is thick enough, a new region also rich in Mg is formed in
the core or surrounding the unreacted slag grain. However, note that a
certain amount of magnesium was still trapped in the core of fully hy-
drated small slag grain (Fig. 4(a)). Compared to specimen investigated
in [27], where no magnesium was detected in the center of fully hy-
drated small slag grain, the curing age of AAS paste examined in this
paper was relatively shorter. It would take longer time for the stable

hydrotalcite-like phase precipitated near the boundary to consume
nanometer-sized hydrotalcite-like phase (amorphous or microcrystal-
line) formed in the core. This process was also known as Ostwald
ripening [45].

Moreover, TEM analysis was used in this study to exhibit and un-
derstand the morphology and composition of this type of zonation at
nano-scale. The target area, indicated by the rectangle in Fig. 1(b), was
employed as a representative example. As can be seen, this region was
most probably a result of a completely reacted slag grain, and it pre-
sented a similar appearance to that circled in Fig. 3(b), i.e., the boundary
and core were abundant in magnesium with relatively dark coloration
while the sandwiched zone exhibited the almost same coloration of gel
matrix.

Fig. 5(a) illustrates the overall morphology of the interested zone
beneath the platinum cover. Three sub-zones with hydrates presenting
intrinsic differences in morphology at nano-scale level can be identified.
The interface between the outer and inner products, i.e., the initial
boundary of the slag grain, can be distinguished clearly and is marked by
the solid line in the graph. Magnified images of the small area P1 are
shown in Fig. 5(bl) and (b-2), to represent the sub-zone near the
boundary. Numbers of fringes, indicated by the red boxes in Fig. 5(b-1),
implied the presence of ordered atomic planes stacking of phases that
precipitated here. Additionally, they mainly exhibited a distinct lath-like
morphology as seen in Fig. 5(b-2), corresponding to the formation of
hydrotalcite-like crystal [22,23]. Two evident electron diffraction spots
(R1 and R2) were detected in the fast Fourier transform (FFT) pattern
(Fig. 5(b-3)). The corresponding mean basal spacing (measured from
inverse fast Fourier transform (IFFT) pattern) was ~0.7520 and
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Fig. 5. TEM analysis of hydrates in the rim of slag; (a) the overall morphology of target area beneath the platinum cover; (b-1) enlarged image of the area P1 in (a);
(b-2) magnified image of the area marked by the white box in (b-1); (b-3) the FTT pattern of hydrotalcite-like phase; (c-1) zoomed in image of the area P2 in (a); (c-2)
magnified image of the area marked by the white box in (c-1); (c-3) the FTT pattern of C-(N-)A-S-H gel phases; (d-1) enlarged image of the area P3 in (a); (d-2)

magnified image of the area marked by the white box in (d-1); (d-3) the FTT pattern of nanocrystalline hydrotalcite-like phase.

rich in Al and Mg

rich in Ca and Si

rich in Al and Mg

Fig. 6. The HAADF micrograph and main element mappings of Ca, Si, Al, and Mg covering three sub-zones in the rim.

~0.3742 nm, respectively. These values agreed well with the basal
spacing d(po3) and d(poe) of various hydrotalcite phases [25].

On the other hand, a generally fine and homogeneous morphology
was observed in the area P2 in Fig. 5(c-1). The foil-like morphology of
the hydration products identified in this sub-zone shown in Fig. 5(c-2)
corresponded to that of C-(N-)A-S-H gel phases as reported in [23]. No
lattice fringe and the absence of obvious diffraction spot in the FFT
pattern (Fig. 5(c-3)) confirmed that C-(N-)A-S-H gel phases formed in
the sandwiched zone was largely disordered. Moving forward to the core
in the area P3 displayed in Fig. 5(d-1), fringes (not well ordering)
indicated by the red boxes were observed again. However, compared to
those identified in area P1, (most probable) hydrotalcite-like phase
precipitated in this sub-zone was nanocrystalline or at least with much
lower crystallinity. It was supported by the irregular diffraction spots
occurred in the FFT pattern in Fig. 5(d-3).

Fig. 6 presents the HAADF micrograph and main element mappings
of Ca, Si, Al, and Mg covering three sub-zones in the rim. The enrichment
of Al and Mg near the boundary and in the middle part verified the
presence of hydrotalcite-like phase (crystalline and/or nanocrystalline),
which was in line with previous TEM analysis. The sandwiched zone was
abundant in Ca and Si, which were two main components of highly
disordered C-(N-)A-S-H gel phases formed in this sub-zone.

To summarize, both morphology observation and element distribu-
tion supported the zonation of hydration products within slag rim at
nano-scale. This type of zonation was featured by the accumulation of
magnesium, or the formation of hydrotalcite-like phase near the
boundary. When the thickness of slag rim increased, exceeding the
migration ability of Mg?" ion, magnesium accumulated locally and
formed a new region also rich in Mg in the core or surrounding the
unreacted core, in the form of nanocrystalline hydrotalcite-like phase.
Besides, this schematic summary of zonation in sodium silicate based
AAS system that had been sufficiently cured in a sealed condition was
consistent with that based on cement-slag system (Fig. 15 in [27]).
Admittedly, the pH of pore solution is significantly higher in AAS
mixture compared to slag cement paste, and it can exert a considerable
influence on the hydration rate and reaction degree of slag [46-49];
however, it does not change the ultimate distribution of hydrates in the
rim of slag grain.

Fig. 7. Representative BSE micrograph of the microstructure of sodium silicate
based AAS paste after ~6 years of natural curing.

3.3. Zonation under naturally exposed and accelerated carbonation
curing (type II)

3.3.1. Multi-ring phenomenon occurred in AAS paste after naturally
exposed curing

Fig. 7 displays the representative microstructure of sodium silicate
based AAS paste after being naturally exposed in the laboratory for
about 6 years. According to the DTG results in Fig. 2, these specimens
had already been (totally) carbonated after such a long curing age. The
matrix appeared very porous, with numbers of black spots indicating the
formation of pores due to the carbonation and the resulting shrinkage of
gel phases [50-52]. Most slag grains, either partially or fully hydrated,
seemed to be separated from the gel matrix, implied by the presence of
pores along the slag perimeter. Furthermore, the distribution of hydrates
within slag rims was notably chaotic. Under this circumstance, the
zonation of hydrates in the slag rim under sealed curing did not apply
anymore.

Instead, a multi-ring phenomenon was frequently observed in the
rims of fully hydrated slag grains as circled in Fig. 7. A similar
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Table 3
EDS point analysis results (atomic percentage, %).
Ca Si Al Mg Mg/Al
P1 3.32 7.21 7.19 10.54 1.47
P2 1.22 9.64 9.35 12.38 1.32
P3 11.49 8.01 5.34 7.57 1.42
P4 8.05 9.59 5.21 7.32 1.40

Det: CBS; Mag: 10000

Cement and Concrete Research 176 (2024) 107409

phenomenon was also reported in [42], in which the microstructure of a
7-year-old AAS concrete was tested. Unlike zonation of Type I (Section
3.2), this type of zonation (Type II) exhibited its own distinctive features
of both morphology and composition, which would be elaborated in this
section.

The chemical compositions of selected points (P1 to P4) determined
by EDS are reported in Table 3. Evidently, point P1 and P2 were rich in
magnesium while deficient in calcium, in line with the relatively dark

(b)

Fig. 8. (a) Enlarged image of multi-ring phenomenon occurred in a fully hydrated slag grain; (b) Linescan-profiles of Ca, Si, Al and Mg along the dissection lines A-C

in (a).

Fig. 9. TEM analysis of hydration products in the concentric ring structure; (a) BSE image of the interested area; (b) coating the area with platinum cover; (c) the
overall morphology of hydrates beneath the platinum cover; (d) magnified image of the area P1 in (c); (e) zoomed in image of the area P2 in (c); (f) enlarged image of
the area P3 in (c); (f-1) magnified image of the area marked in (f); (g) magnified image of the area P4 in (c); (h) zoomed in image of the area P5 in (c).
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Fig. 9. (continued).

coloration in the core areas in the BSE image. On the contrary, the
relatively grey (lighter coloration) areas sandwiched between the core
and dark band, where point P3 and P4 were located, were abundant in
calcium. The Mg/Al atomic ratio appeared to level off for all four points,
fluctuating at ~1.40.

Fig. 8(b) reveals EDS linescan-profiles (atomic ratio) of main ele-
ments along the concentric ring structure occurred in Fig. 8(a). Basi-
cally, the Mg concentration presented a clear decline trend, while a
slight rising trend was seen for Ca from inside to outside (A to C). The
central zone of this completely hydrated slag grain illustrated a high Mg
concentration while a relatively low concentration of Ca, in agreement
with the point analysis results of P1 and P2. Moving along the dissection
line to the dark band between B and C (isolated by two dash lines in
Fig. 8(b)), a slight reduction of Ca and Si contents whereas a small in-
crease of Mg amount was noticed. As for the sandwiched area between

the core and dark band, the Ca content rose, agreed well with the point
analysis results of P3 and P4.

Next, the morphology and composition of this concentric ring
structure was examined at a nano-scale level through TEM. The area of
interest (a new example with a similar distribution pattern to those
circled in Fig. 7) was marked by the rectangle in Fig. 9(a). Sub-zones
with relatively grey and dark colorations occurred alternatingly from
outside towards inside.

Fig. 9(c) illustrates the overall morphology of target area beneath the
platinum cover. The boundary (solid line) between inner and outer
products of slag particle can be distinguished. Pores, as circled in the
graph, were detected along the grain perimeter. In other words, the
inner products of slag particle were not compacted closely with outer
products, and they were separated from each other. It was consistent
with the observations based on BSE images (Fig. 7).
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Fig. 10. The HAADF micrograph and main element mappings of Ca, Si, Al, and Mg covering three sub-zones in the slag rim.

High Mg

High Mg

sealed curing naturally exposed curing

Fig. 11. A schematic comparison between these two types of zonation formed
in the rim of slag.

Moreover, C-(N-)A-S-H gel phases, instead of hydrotalcite-like phase
(Fig. 5), was found near the initial boundary of slag grain in the area P1
(Fig. 9(d)). Its foil-like morphology was seen clearly in the enlarged
image in Fig. 9(e), where P2 was situated. Moving inside further to the
next sub-zone (P3), numbers of fringes, marked by red boxes in Fig. 9(f-
1), suggested the massive precipitation of hydrotalcite-like phase here.

When approaching the sandwiched area P4 (Fig. 9(g)), it appeared to
be much more porous than other sub-zones. Two different morphologies
of C-(N-)A-S-H gel phases were seen in this region, i.e., a globular
morphology at the corners and a foil-like morphology in the center as
isolated by dash lines in the graph. According to previous studies [53],
C-(N-)A-S-H gel phases presenting globular morphology were thermo-
dynamically unstable and can be regarded as precursors. They would
transform into the well-known foils gradually. On the other hand, silica
gel, the carbonation product of C-(N-)A-S-H gel phases, also exhibited a
globular morphology as reported in [54].

Moving to the center part, i.e., the area P5, fringes were noticed
again and were marked by red squares in Fig. 9(h). Due to the low
mobility of Mg?* ion [55], the newly released magnesium ions cannot
reach outside and precipitated locally as a new Mg-rich region, which
appeared as the dark core in Fig. 9(a).

Fig. 10 displays a close-up HAADF micrograph of a representative
region in Fig. 9(c), as well as the main element mappings covering three
sub-zones in the slag rim. As can be seen, amounts of black spots,
implying the presence of pores, were found in the sandwiched region
under HAADF mode. On the other hand, unlike the observations on slag
rims under sealed curing (Fig. 6), a significant deficiency of Mg while a
high Ca concentration was noticed near the boundary. Meanwhile, the
accumulation of Mg and Ca occurred alternatively in the following
areas, which agreed with the EDS linescan results exhibited in Fig. 8(b).
The distribution of Si and Al, on the other hand, seemed to occupy the
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whole region. Overall, the morphology observation and elemental dis-
tribution results matched well with each other, both of which supported
the concentric ring structure of this type of zonation in the slag rim at
nano-scale.

A schematic comparison was made in Fig. 11 between these two
types of zonation occurred in AAS under different curing conditions, i.e.,
sealed and naturally exposed curing. Two obvious differences emerged:
(1) The boundary of slag grain was rich in magnesium while deficient in
calcium under sealed curing; however, it was rich in calcium while
deficient in magnesium under naturally exposed curing. No Mg accu-
mulation was detected near the boundary in the multi-ring phenomenon
(concentric ring structure). (2) Under sealed curing, slag boundary was
connected with the matrix closely, rendering as a transition area be-
tween gel phases formed in the matrix and hydration products in the rim
of slag. However, slag hydrates in the concentric ring structure seemed
to be detached from the matrix, and pores were formed along the
perimeter of original slag grain. At the same time, a number of pores
were also observed in the slag rim, coexisting with C-(N-)A-S-H gel
phases. On the other hand, similarities were also identified between
these two types of zonation, e.g., the core was always rich in magnesium;
the regions rich in magnesium and calcium were formed alternatingly.

3.3.2. Multi-ring phenomenon occurred in AAS paste after accelerated
carbonation curing

Fig. 12(a) displays the representative microstructure of AAS paste of
such a high liquid/binder ratio after 6 months of sealed curing. As can be
seen, it exhibited similar features to AAS paste after ~6 years of sealed
curing. Both fully and partially hydrated slag particles were observed
throughout the matrix. Due to the high liquid/binder, continuous crack
networks were also developed.

Then, an accelerated carbonation curing was performed for these
specimens for another 6 months, and the representative microstructure
is present in Fig. 12(b). Similar to the observations in Fig. 7, these
samples exhibited a highly porous matrix and a chaotic distribution of
secondary precipitations within the slag rim after carbonation curing.
Again, the concentric ring structure was seen as circled in the BSE
micrograph in Fig. 12(c).

3.4. Transition state due to carbonation

As mentioned, massive pores were formed along the perimeter of
original slag grains due to carbonation (for both naturally exposed and
accelerated carbonation curing). Fig. 13 reports the MIP results of all
AAS pastes examined in the present research. For specimens that
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(b)

(©

Fig. 12. Representative BSE micrographs of the microstructure of AAS paste (I/b = 1.0) (a) after 6 months of sealed curing; (b) after another 6 months of accelerated

carbonation curing; (c) zoomed in image of the area in (b).
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Fig. 13. Differential pore size distribution of all AAS pastes examined in the
present research.

underwent sealed curing, regardless of 1/b ratio (0.5 or 1.0), the pore
structure was dominated by gel pore, with a critical pore diameter at
~10nm (I/b = 1.0) or even less (I/b = 0.5). The microstructure became
coarser owing to the carbonation of C-(N-)A-S-H gel phases, and the
critical pore diameter accordingly shifted right to the pore size range of
capillary pore (10 to 100 nm). This finding was consistent with the BSE
images shown in Figs. 7 and 12(b), where the gel matrix appeared to be
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very porous after carbonation.

A typical slag rim after CO; ingress is illustrated in Fig. 14(a). The
pores implied by the black spots inside the rim suggested that the rim
was very porous. Besides, pores were formed along slag perimeter, most
probably because of the carbonation and thus shrinkage of C-(N-)A-S-H
gel phases in the matrix. Following, carbonate ions (CO3™) initially in
the pore solution of matrix were able to diffuse into slag rim through
these pores. They would further react further with C-(N-)A-S-H gel
phases precipitated in the rim, thus facilitating the formation of pores
and disrupting the original distribution pattern of inner hydrates
(Fig. 14(a)). Meanwhile, cations, e.g., Ca2*t, Si**, AI**, and Mg?* ions
can migrate relatively freely because of the increased porosity. The
above reasoning was supported by results reported in [56] that gel phase
with lower Ca content tended to exhibit a higher porosity than Ca-rich
gel.

The EDS linescan-profiles of chosen elements along the dissection
line A-B in (a) are given in Fig. 14(b). In general, the Na and O con-
centrations increased continuously from inside to outside. The O con-
centration presented a sudden drop near the boundary, which confirmed
the formation of pores along the slag perimeter. Except a small increase
near the unreacted slag grain, the content of Mg decreased along the
dissection line. No accumulation of Mg near the boundary was detected
anymore. In short, all elements presented a gradual increase or decrease
trend when moving outward from unreacted slag grain, without any
accumulation of a specific element at a specific location.

Fig. 15 elaborates the TEM analysis of a representative slag rim in
AAS paste which had already been attacked by CO,. No regular distri-
bution pattern of inner hydration products can be observed (Fig. 15(a)),
and they presented similar characteristics to Fig. 14. The overall
morphology of this typical slag rim beneath the platinum cover was
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(b)

Fig. 14. (a) A typical slag rim after CO, ingress; (b) Linescan-profiles of Si, Mg, Na, and O along the dissection lines A-B in (a).

illustrated in Fig. 15(c). Notably, the thin slice employed for TEM
analysis had been distorted after milling, and continuous cracks were
developed just below the sample surface. Compared to sealed curing,
carbonation reduced the micro-mechanical properties of gel matrix, and
thus it was more vulnerable to the damage induced by FIB. Moreover,
pores in the range of microns were created in the rim. When zoomed in
image of the area P1, both globular and foil/fiber-like morphology of the
C-(N-)A-S-H gel phases can be found (Fig. 15(d)). As for area P2,
numbers of lath-like precipitations, indicating the formation of
hydration-like phase, were detected in it (Fig. 15(e)). They were more
clearly exhibited in Fig. 15(e-1). The high-resolution fringes observed in
Fig. 15(e-2) were indicative of the layered structure of this phase.

Fig. 16 presents a close-up HAADF micrograph of a representative
region in Fig. 15(c), as well as the main element mappings containing
pores, C-(N-)A-S-H gel phases, and hydrotalcite-like phase. As can be
seen, some signals of Si and Al were detected in the pores. It was
probably related to the formation of silica gel in it, originated from the
(partial) carbonation of C-(N-)A-S-H gel phases. Al and Mg were accu-
mulated in the middle to form hydrotalcite-like phase, agreed well with
the morphology observation in Fig. 15(e). Calcium was detected on both
sides close to Mg-rich region (circled in the Ca mapping). As for Si and
Al, they were distributed across the whole region.

Compared to the rim analyzed in Fig. 5, the regular distribution
pattern of inner products was modified because of carbonation, and
pores were created in it. No enrichment of hydrotalcite-like phase near
the boundary was detected anymore; however, its crystalline form did
form within the rim.

3.5. Transformation mechanism between these two types of zonation

Based on the observations and discussion above, it was assumed in
the present paper that the multi-ring zonation (Type II) cannot be
formed from slag activation under sealed curing along. Instead, it was
the massive formation of capillary pore in the range of 10 to 100 nm
along slag perimeter, resulted from external intervenes, e.g., carbon-
ation and leaching (a similar degradation mechanism with carbonation
[21]), that triggered the reorganization of original distribution pattern
of inner hydration products (Type I). As a result, this concentric ring
structure was formed in the slag rim ultimately, irrespective of 1/b ratio,
pH of pore solution, etc.
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The schematic illustration of the transformation routine between
these two types of zonation is given in Fig. 17. We considered the situ-
ation shown in Fig. 14 as a precursor/intermediate/transition state for
the multi-ring phenomenon.

In our previous work [26], Lifshitz-Slyozov instability [38] was
employed to explain the distribution pattern of slag hydration products
in a cement-based system. It was considered that larger, more stable
hydrotalcite-like phase crystals grew at the expense of the smaller ones.
Thus, a band/ring was formed where these large and stable crystals were
concentrated, i.e., near the boundary. This process was also known as
Ostwald ripening [45]. It was not inconceivable that this mechanism
also applicable for AAS system that underwent sealed curing as observed
in Section 3.1. Meanwhile, the larger the size of a slag grain, the harder it
was for the newly released magnesium ion from the reaction front to
reach the boundary due to its low mobility and increased migration
distance. Therefore, it accumulated locally and formed an additional
Mg-rich region that was in the core or connected to the unreacted slag
particle. Note that the quantitative correlation between slag grain size
and distribution pattern of inner hydrates (type I) was not given here, as
it was not the main goal of this paper.

Revisiting the concentric ring structure observed in Section 3.2, the
formation mechanism changed accordingly. As discussed in [42], the
authors believed that the formation of multi-ring in the AAS systems can
be a consequence of chemical differences between unreacted slag core
and pore solution. Also, the generation of supersaturation—depletion
cycle promoted the thickening of rings. Meanwhile, the results in the
current study revealed that this concentric ring structure cannot be
observed in AAS pastes with sealed curing no matter with a low (0.5) or
a high (1.0) 1/b ratio. The curing condition provided (‘..., specimens
were stored in an open laboratory facility in the Universidad del Valle,
Cali, Colombia, for 7 years.’) also confirmed that naturally exposed
curing was implemented for the investigated samples, and they had been
carbonated considering the high carbonation rate of AAS paste [44,57].
Therefore, the crucial role of capillary pore formed due to carbonation
should be reconsidered, for the multi-ring phenomenon occurred in the
rim of slag.

With the mass formation of capillary pores in the range of 10 to 100
nm in the carbonated specimens, the capillary condensation of pore
solution was enhanced according to the Kelvin equation following [58]:
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200 nm

Fig. 15. TEM analysis of hydrates in the slag rim after CO, attack; (a) the BSE image of interested area; (b) coating the area with platinum cover; (c) the overall
morphology of this typical slag rim beneath the platinum cover; (d) magnified image of the area P1 in (c); (e) zoomed in image of the area P2 in (c); (e-1) enlarged
image of (e); (e-2) high-resolution lattice fringe image of hydrotalcite-like phase.
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Fig. 16. The HAADF micrograph and main element mappings of Ca, Si, Al, and Mg of typical area containing pores, C-(N-)A-S-H gel phases, and hydrotalcite-

like phase.

external effect

carbonation,
leaching, etc.

sealed curing

transition state

Fig. 17. A schematic illustration of the transformation routine between these
two types of zonation.
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where P is the equilibrium partial pressure of water vapor in a capillary
pore of radius r at the temperature T (K), Py is the saturated water vapor
pressure, y and V are the surface tension and molar volume of liquid
water, respectively, R is the gas constant and 6 is the contact angle be-
tween liquid water and pore surface. With increasing pore diameter
from gel pore to capillary pore level, the molar volume of liquid water
(or pore solution) condensed on the pore wall went up accordingly.
Condensed pore solution with nearly neutral pH was adsorbed on
capillary pores along slag perimeter, and it accelerated the dissolution of
hydrotalcite-like phase (through Mg?" leaching) precipitated near the
boundary [59]. At the same time, carbonate ions were able to diffuse
into slag rim and react with C-(N-)A-S-H gel phases formed inside the
rim. Thus, the original distribution pattern of hydration products within
the rim changed. At this stage, Ca®" ions (the remnant from calcium
carbonate precipitation), SiO(OH)3 and Al(OH)j ions (decomposition of
gel phases), as well as Mg?" ions (leached from hydrotalcite-like phase)
can migrate relatively freely in the rim owing to the enhanced porosity
(see Fig. 14). This stage can be considered as the precursor/intermedi-
ate/transition state for the multi-ring phenomenon and was most
frequently observed in the microstructure of carbonated AAS specimens.
Due to the free migration of cations in the slag rim, sufficient su-
persaturations of C-(N-)A-S-H gel phases and hydrotalcite-like phase
resulted in localized high nucleation rates. In consequence, C-(N-)A-S-H
gel phases and hydrotalcite-like phase would precipitate. High super-
saturations and nucleation rates can induce the formation of numerous
randomly distributed nanometer-sized colloidal C-(N-)A-S-H gel phases
and hydrotalcite-like particles. With the movement of reaction-diffusion
front, development of successive hydrotalcite-like phase-rich rings (rich
in Mg, appears relatively dark) was separated by C-(N-)A-S-H gel phases
bands (rich in Ca and deficient in Mg). Finally, they contributed to the
multi-ring phenomenon observed in Section 3.2, as discussed in [42].
All in all, the development of multi-ring phenomenon in the
carbonated (both natural and accelerated) AAS pastes starts with the
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dissolution of hydrotalcite-like phase by pore solution condensed in the
capillary pores along the slag perimeter. The carbonation of C-(N-)A-S-H
gel phase in the slag rim and thus the formation of pores in it enables the
free diffusion of cations. Then, the moving reaction fronts of C-(N-)A-S-H
gel phases and hydrotalcite-like phase contribute to this type of zonation
within the slag rim. Additionally, it should be addressed that the slag rim
should be thick enough for the formation of alternative rings. Therefore,
this concentric ring structure is rarely detected in early-age specimens.
Meanwhile, note that the correlation between slag grain size and
concentric ring structure (type II) is out of the scope of this paper, which
is different from the work in [26]. This is partially because the phe-
nomenon is not universally applicable to every single slag grain, and
most slag rims are in chaotic after carbonation, before reaching an
equilibrium state. With this reason, these two types of zonation
commonly coexist in the carbonated samples (see Figs. 7 and 9(a)).
However, they are featured by different microstructures. As mentioned,
multi-ring phenomenon is developed along with the massive formation
of capillary pores in the 10 to 100 nm range. These pores are commonly
produced owing to external effects, e.g., carbonation, leaching [60],
etc., and offer passage for the transport of harmful ions, such as car-
bonate, chloride, sulfate, etc. Therefore, the occurrence of multi-ring
phenomenon can be regarded as an indicator for the potential
durability-related problems of AAS systems.

4. Conclusions

In the present research, the authors classified two types of zonation
within the rims of slag under different curing conditions (sealed, natu-
rally exposed, and accelerated carbonation) with the techniques of SEM
and TEM. The main conclusions were drawn as follows:

e For the first type of zonation occurring in the rim of slag under sealed
curing, it was found that magnesium was accumulated near the
boundary, leading to the precipitation of lath-like hydrotalcite-like
phase. Next, a generally fine, homogeneous, and foil-like
morphology was noted, i.e., C-(N-)A-S-H gel phases. When slag rim
was thick enough, a new region also rich in Mg occurred in the core
or surrounding the unreacted slag grain.

e In the carbonated AAS pastes (naturally exposed and accelerated
carbonation), a multi-ring phenomenon occurred within the slag rim
(the second type of zonation). For this kind of distribution pattern,
foil-like C-(N-)A-S-H gel phases, rather than hydrotalcite-like phase,
was noted near the initial boundary of slag grain. The accumulation
of Mg and Ca occurred alternatively in the following sub-zones.
Globular C-(N-)A-S-H gel phases were also identified inside slag
rim, probably originated from the (partial) carbonation of gel phases.

e It was proposed in the present study that external intervenes, e.g.,
carbonation, leaching, etc., played a crucial role for the occurrence of
multi-ring phenomenon in the slag rim. The development of this
concentric ring structure started with the dissolution of hydrotalcite-
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like phase originally precipitated near the boundary by pore solution
condensed in capillary pores along slag perimeter. Subsequently, the
carbonation of C-(N-)A-S-H gel phases in the rim and thus the for-
mation of pores in it enabled the relatively free migration of various
cations. This stage can be regarded as a transition state, precursor, or
intermediate. Finally, a pre-nucleation model involving cyclic
supersaturation-crystallization-depletion of C-(N-)A-S-H gel phases
and hydrotalcite-like phase was introduced to explain the final for-
mation of this multi-ring phenomenon.

Multi-ring phenomenon was developed along with the massive for-
mation of capillary pores in the 10 to 100 nm range both along slag
perimeter and inside the rim. These pores offer passage for the
transport of harmful ions, such as carbonate, chloride, sulfate, etc.
Therefore, the occurrence of multi-ring phenomenon can be regar-
ded as an indicator for the potential durability-related problems of
AAS systems.
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