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Through the integration of SEM-BSE and TEM, we gained a comprehensive 3-dimensional understanding of
different distribution patterns of inner hydration products of slag. For fully hydrated small slag grains, two
distinct sub-zones were formed in the rims. Lath-like, well-crystalline hydrotalcite-like crystals were found to
precipitate, grow, and accumulate near the boundary, forming a layer with a thickness slightly exceeding 0.5 pm.
In the center, entrapped calcium and silicon played roles in the formation of a homogeneous and fibrous C—(A)-

S—H gel phase. The concentration equilibrium between cement matrix and grain core led to the establishment of a
similar grey pixel value and Ca/Si atomic ratio of gel phase at ~1.10. As the size of slag grains increased, three
sub-zones became visible. Hydrotalcite-like phase was enriched near the boundary, followed by a sandwiched
area abundant in C-(A)-S-H gel phase. Due to the low mobility and increased migration distance, newly released
magnesium from reaction front accumulated locally to form a new Mg-rich region.

1. Introduction

Blast furnace slag, referred to as slag in this paper, is the waste
generated during the production of pig iron. In the blast furnace, raw
iron ore gangues, reduced substances, and melted coke components are
mixed together, resulting in the formation of liquid slag at a temperature
of approximately 1450 °C. [1]. The main constituents of slag are calcium
oxide and silica, which are present in significant quantities. Addition-
ally, it contains certain amounts of alumina and magnesia. Thus, it is
commonly described as a CaO-SiO,-Al,03-MgO quaternary system.
Additionally, trace constituents such as neighboring alkalis (Na and K)
and sulfur compounds are also absorbed by the slag [2]. Upon rapid
cooling using powerful water jets, the molten/liquid slag solidifies
instantly, turning into a granular and nearly fully glassy form. In most
cases, after proper grinding, slag is adopted as a supplementary
cementitious material (SCM) for cement and concrete productions [3,4].

To produce strength-building hydration products, slag needs to be
activated [5]. This is different from hydraulic binders like Ordinary
Portland cement, which can react with water directly. The stimulator
can be NaOH/water glass solution found in alkali-activated slag paste or
portlandite, generated when cement clinkers hydrate and therefore is

available in blended cements.

In general, the hydration of a single slag particle in an alkaline
environment typically follows a dissolution-precipitation-diffusion
mechanism [6]. At early age, the process is determined by the
dissolution-precipitation mechanism [7,8]. As the reaction progresses
and unreacted slag grains become covered by reaction products, ion
diffusion takes control and governs its continuous hydration [9].

Regarding the hydration products of slag, secondary precipitations
including calcium silicate hydrate and Mg—Al hydrotalcite-like phase
have been identified [10]. These hydrates are known to precipitate only
within the original area of the slag, creating a mixture referred to as the
‘inner” hydration products of slag, sometimes also termed as ‘slag rim’. A
relatively fine-textured inner products were observed by Transmission
Electron Microscope (TEM) in the slag-containing systems [11-15].
Hydrotalcite-like phase exhibited a plate- or lath-like nano-morphology
[11,15]. As for the distribution pattern of hydrates within slag rims,
contradictory views do exist in the literature. Through Scanning Elec-
tron Microscope (SEM) and TEM, Ye [16] argued that the negatively-
charged C—(A)-S-H gel phase layers were strongly attracted to the
positively-charged hydrotalcite-like phase layers in the rims. However,
instead of intermixture, the work in [17] illustrated that three distinct
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sub-zones were formed around unreacted slag grains, i.e., Mg—Al
hydrotalcite-like phase, C—(A)-S-H gel phase, and Ca — Al layered
double hydroxide phase. In our previous work [18], it was concluded
that different distribution patterns of inner hydration products can be
identified depending on the original grain sizes of slag.

Note that existing studies concentrating on slag particles in cemen-
titious systems are restricted to periods up to several years, at most.
During this curing age, most (large) slag particles are far from reaching
their full potential with respect to hydration degree. Particularly for
samples with a short-term curing age, the formed rims around unreacted
slag cores are too thin to allow for accurate analysis. Besides, for all
microscopical techniques employed for imaging, only a 2-dimensional
view can be provided of a 3-dimensional microstructure. Thus,
misleading conclusions may be summarized, as demonstrated in [19].

Building upon the research conducted in [18], the present study
examined these 40-year-old slag cement concrete samples further. The
slag grains in the samples were categorized into three groups based on
their apparent original diameters or sizes, i.e., small (< 8 pm), medium
(8-17 pm), and large (> 15 pm). For each class, representative slag
grains were selected and analyzed in the following 3.1 to 3.3 sections
correspondingly. During the analysis, the authors extended 2-dimen-
sional SEM imaging to multiple SEM-BSE (sample surface) and in-situ
TEM (vertical section beneath the surface) observations, to explore the
distribution patterns of hydrates within the slag rims in a three-
dimensional manner. Furthermore, in the discussion section, a sche-
matic illustration of the 3-dimensional distribution patterns of hydrates
in the slag rims was present, along with a detailed comparison of them.
The misleading results based on 2-dimensional view were also illus-
trated and explained 3-dimensionally. Overall, the findings obtained
this paper provided valuable insights into the zonation within slag rims,
including the morphology and composition of each sub-zone, as well as
the various distribution patterns depending on the size of the original
slag grains.

2. Materials and methodology
2.1. Sample information

The field concrete samples were extracted from the Rozenburg Wind
Wall in 2021. This particular concrete structure was situated between
Road Isarweg and Neckarweg, in the Europoort Rotterdam, Netherlands.

It was originally constructed using CEM III/B in 1985. For the hydration
products of these samples, readers can refer to the Fig. 1 in [18].

2.2. Experimental methods

Initially, the selected samples were immersed in an isopropanol
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solution for one week (refreshed every two days) to terminate reaction,
dried in a 40 °C oven for several minutes, and then impregnated with
epoxy resin. Subsequently, the hardened surfaces were ground and
polished in turn to achieve a smooth finish. These well-polished sample
surfaces were finally carbon coated using a Leica EM CEDO030 carbon
evaporator for the following micro- and nano-analysis.

2.2.1. SEM

To obtain back-scattered electron (BSE) image, the prepared samples
were characterized by a FEI QUANTA FEG 650 ESEM under a high
vacuum chamber condition. The working distance and accelerating
voltage utilized were kept at 10 mm and 10 kV, respectively. A typical
area of different heights was examined under the same instrumental
conditions to obtain multiple observations (as shown in Fig. 1). This
study involved three observations under back-scattered mode, resulting
in the acquisition of three cross-sections of slag grains. This approach
enabled the viewing of their rims in a 3-dimensional manner.

2.2.2. FIB-SEM-TEM

Moreover, polished surfaces were loaded into a dual-beam FIB-SEM
system (Zeiss Crossbeam 540) to precisely navigate slag rims of interest
for in-situ TEM observations. Focused ion beam (FIB) technology was
adopted to prepare a microscopic section for TEM characterization
through sputtering and milling. A schematic illustration of the sample
preparation process is introduced in Fig. 2. Firstly, the target area, which
was a thick rim along a partially hydrated slag grain (as marked in Fig. 2
(b)), was located through SEM under back-scattered mode. Following,
this region was coated with platinum on the surface, as Fig. 2 (c) ex-
hibits. The matrix on both sides of the platinum cover was slowly cut
with focused Gat ion beam (F ig. 2 (d)). Subsequently, the section
beneath the cover was extracted from the matrix (Fig. 2 (e)) and
transferred to a Cu support (Fig. 2 (f)) for further operations. As Fig. 2 (g)
shows, focused Ga™ ion was further utilized to thin the extracted slice
down to a thickness of about 100 nm (Fig. 2 (h)). One should keep in
mind that due to the brittleness of cement matrix, the accelerated
voltage and beam density of focused Ga™ ion beam should be maintained
as low as possible (~5 kV, depending on the strength of cement matrix),
to minimize the damage caused by the milling process.

Finally, the nano-scale morphology and elemental composition of a
cross-section perpendicular to the sample surface were analyzed by
means of a FEI talos F200X G2 in tandem with a high-angle annular
dark-field detector (HAADF) and an X-ray energy dispersive detector.
Combining the analysis for surface (SEM) and vertical section beneath
the surface (TEM), the hydrates in the target rims can be reconstructed
3-dimensionally.

Observing the identical
area of different heights

The polished surface

K

Polishing, cleaning,
and carbon coating

Third observation

Fig. 1. Schematic illustration of sample preparation for multiple SEM-BSE observations.
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(a) Loading the sample (b) Target area (blue box)
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(e) Extracting the section (f) Placing on a Cu support

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

Fig. 2. Schematic sample preparation for in-situ TEM observations using a dual-beam FIB-SEM system.
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3. Results
3.1. Small slag grains

In Fig. 3, a dense cement matrix can be observed, with unreacted slag
grains incorporated. Inner hydration products were found to precipitate
as rims along partially hydrated slag particles. For fully hydrated small
slag grains (indicated by white circles), two distinctive sub-zones can be
distinguished within the original slag perimeter. The border displayed a
relatively dark coloration while the center showed a relatively grey pixel
value, almost the same coloration to cement matrix. Considering the
possible elements existing in the blended system (Ca, Si, Al, and Mg) and
their corresponding mean atomic numbers, magnesium was believed to
accumulate near the boundary, whereas calcium and silicon were
enriched in the core. On the other hand, for the areas highlighted by
green circles, they also appeared to belong to the small group based on
their acquired sizes; however, no clear zonation was seen, as Mg seemed
to occupy the entire region.

3.1.1. Multiple SEM-BSE observations

To overcome the main limitation of microscopical imaging that only
2-dimensional section of a 3-dimensional microstructure were observed,
three representative zones were chosen for multiple SEM-BSE observa-
tions. Specifically, three observations were undertaken for each of them,
as illustrated in Fig. 4.

In circle 1, three small slag particles with similar coloration char-
acteristics to those white-circled in Fig. 3 eventually disappeared after
three times of polishing. As for the two grains circled as 2, different
phenomenon occurred with polishing. The left one also faded away
gradually. However, the right grain, which presented similar features to
those green-circled in Fig. 3, its apparent size increased notably after the
third polishing. It was evident that this area did not originate from a
totally reacted small slag grain. Instead, it was cut from the rim of a
larger slag grain.

3.1.2. In-situ observations with TEM

In order to gain a more in-depth insight of the two distinct phe-
nomena described above, TEM was utilized to exhibit the morphology
and composition of inner hydrates at a nano-scale level. Specifically, two
typical examples, one with and the other without magnesium in the
core, were selected for individual analysis in the subsequent section.

3.1.2.1. Without Mg in the core. The target area, indicated by the rect-
angle in Fig. 5 (a), was adopted as an example of slag particle without
Mg in the core. It was worth noting that this small slag grain exhibited
similar characteristics to those white-circled in Fig. 3 and encircled as 1

Fig. 3. A representative BSE micrograph of the microstructure.
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in Fig. 4, i.e., the center displayed the same coloration as the sur-
rounding matrix.

Fig. 5 (c) illustrates the overall morphology of vertical section, taken
beneath the platinum cover and perpendicular to the surface. A clear
border was observed, separating the inner and outer products of slag
grain. A magnified image of the selected area was elaborated in Fig. 5
(d). For the outer products, a generally homogeneous, dense, and fibrous
morphology was noted in the region marked as P1 (Fig. 5 (e)). These
characteristics aligned with the typical features of C—(A)-S-H gel phase
[11-14]. Additionally, the absence of discernible diffraction spot in
Fig. 5 (e-1) verified that gel phase formed in this region was disordered.

Zooming in on the interface between the outer and inner products, i.
e., the initial boundary of the slag grain (P2), a magnified image was
displayed in Fig. 5(f). These well-crystalline phases, exhibiting an in-
ward growth direction, primarily manifested as a distinct lath-like
morphology. Undoubtedly, they corresponded to the massive precipi-
tation of hydrotalcite-like crystals [11,15,17]. Fringes, as can be seen in
Fig. 5 (f-1) and (f-2), were indicative of the ordered stacking of atomic
planes in this crystal. Moreover, clear diffraction spots were detected in
the fast Fourier transform (FFT) pattern in Fig. 5 (f-3). The average basal
spacing of 0.7542 + 0.0022 nm, 0.3755 + 0.0034 nm, and 0.2516 +
0.0013 nm (measured from the inverse fast Fourier transform (IFFT)
pattern) corresponded to the plane R1, R2, and R3, respectively. Ac-
cording to TEM point analysis, its Mg/Al atomic ratio was ~2.02. These
values matched well with the do3), d(ooe), and dog) parameters of
hydrotalcite Mg4Alo(OH)14-3H20 (PDF: 0035-0964).

When approaching the middle (P3), another homogeneous and
fibrous morphology of hydration products was detected (Fig. 5 (g)). The
absence of diffraction spot (Fig. 5 (g-1)) confirmed the formation of
disordered C—(A)-S-H gel phase in the center. Meanwhile, it was
noticed that the nanostructure of gel phase in the core was relatively
more porous compared to that as outer products. However, TEM point
analysis revealed similar Ca/Si and Al/Si atomic ratios for C—(A)-S-H
gel phase as both inner and outer products, at ~1.10 and ~ 0.17
respectively. These values were consistent with the findings reported in
[11].

In Fig. 6, the elemental mappings (Ca, Si, Al, and Mg) of a typical
region containing both outer and inner products of slag are provided. In
agreement with the morphology observed in Fig. 5, aluminum and
magnesium species were found to accumulate near the boundary for the
precipitation of hydrotalcite-like crystal. The core, on the other hand,
was rich in calcium and silicon, deficient in aluminum, and without any
trace of magnesium. As such, it was mainly composed of highly disor-
dered C—(A)-S-H gel phase.

3.1.2.2. With Mg in the core. As shown in Fig. 7 (a), Mg was evenly
distributed throughout the whole target area, similar to the green-
circled regions in Fig. 3. There was no evidence of any remaining slag
remnant inside the perimeter, which could lead to the mistaken
assumption of complete hydration of a small slag grain. Interestingly,
unlike the case discussed in Section 3.1.2.1, no clear variation in
coloration was noted between the boundary and core regions.

Fig. 7 (c) gives an overview of the vertical section of the target area.
Similarly, a clear border distinguished the inner and outer products of
slag grain. A closer look at the selected region was shown in Fig. 7 (d).
The outer products, which primarily consisted of C—(A)-S-H gel phase,
exhibited a homogeneous and fibrous morphology in the area labelled as
P1 (Fig. 7 (e)). Within the rim, three sub-zones with hydrates presenting
intrinsic differences in morphology can be identified. In the magnified
image of the initial boundary (P2) displayed in Fig. 7 (f), amounts of
hydrotalcite-like crystals grew inwards and presented a lath-like
morphology (Fig. 7 (f-1)). Fringes, implying the layered structure of
this phase, were marked in Fig. 7 (f-2). When moving inside further, a
fibrous morphology of the hydration products reappeared in the bottom-
right corner of Fig. 7 (g), and a zoomed in image was provided in Fig. 7
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Fig. 4. Three typical zones for multiple SEM-BSE observations.

(g-1). It verified the precipitation of C—(A)-S-H gel phase adjacent to
the hydrotalcite-like phase.

In comparison to the case discussed in Section 3.1.2.1, the main
difference occurred in the center region where P3 was located. A coarse
and rough texture was found here (Fig. 7 (g)). The analysis of this spe-
cific sub-zone would be further explored in the discussion section. In
fact, slag rim with three sub-zones was originated from a medium/large
grain (see Sections 3.2 and 3.3), rather than a small one.

Fig. 8 depicts the HAADF micrograph and main element mappings of
the highlighted area in Fig. 7 (c). Magnesium specie occupied the whole
region, although its concentration seemed to gradually decrease towards
the interior. Deficiency of calcium and silicon was noticed near the

boundary, suggesting that most Ca and Si ions dissolved had migrated
into the surrounding matrix. As for aluminum, it was distributed evenly
across the entire area.

Combining the results of multiple SEM-BSE and in-situ TEM obser-
vations together, it can be concluded that for small slag grains after full
hydration, they typically presented a zonation with two intrinsically
different sub-zones, i.e., a lath-like hydrotalcite-like phase near the
border and a fibrous C—(A)-S-H gel phase in the core. As for cases
grouped into small class (based on apparent size) while with Mg in the
core, they were actually sections cut from rims of medium or large slag
grains.
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Fig. 5. TEM analysis of hydrates in the rim of a totally hydrated small slag grain; (a) BSE image of the target area; (b) Coating the area with platinum cover; (c) The
overall morphology of vertical section of the target area; (d) Magnified image of the area marked in (c); (e) Magnified image of the area marked as P1 in (d); (e-1) The
fast Fourier transform of phases in this region; (f) Magnified image of the area marked as P2 in (d); (f-1) High resolution lattice fringe image of the phase marked in
(f); (f-2) Zoomed in image of the squared region indicated in (f-1); (f-3) The fast Fourier transform and inverse fast Fourier transform of phases in (f-2); (g) Magnified
i‘mage of the area marked as P3 in (d); (g-1) The fast Fourier transform of phases in this region.

Fig. 6. Elemental mappings (Ca, Si, Al, and Mg) of a typical region containing
both outer and inner products of slag.

3.2. Medium slag grains

As red-circled in Fig. 9, three sub-zones can be seen in the fully hy-
drated medium grains with two distinct grey pixel values. The area near
the boundary as well as grain core exhibited a dark coloration with a
lower average atomic number, implying the presence of magnesium in
these two regions. In contrast, the area in-between (named as sand-
wiched zone henceforth) where calcium was abundant, presented a less
dark coloration with a higher mean atomic number.

3.2.1. Multiple SEM-BSE observations

During multiple SEM-BSE observations, several interesting phe-
nomenon occurred. For example, the reacted medium slag particle
encircled as 3 in Fig. 4 showed three sub-zones in the rim, and its
apparent size gradually reduced with repeated polishing. Besides, these
sub-zones were expected to vanish if further polishing was implemented.
However, this elemental distribution pattern can also be originated from
a partially hydrated large slag grain, as observed in circle 4.

3.2.2. In-situ observations with TEM

Next, TEM was utilized to elucidate the morphology and composition
of this elemental distribution pattern at a nano-scale level. The area of
interest was indicated by the rectangle in the BSE micrograph of Fig. 10
(a). Three sub-zones were detected to form in the rim, distinguished by
two grey pixel values.

Fig. 10 (c) presents the overall morphology of target area beneath the
platinum cover. The border between inner and outer products of slag
grain was noticed clearly. A zoomed in image of the selected area was
displayed in Fig. 10 (d). In the lower part of area marked as P1 (Fig. 10
(e)), fibrous C—(A)-S-H gel phase belonging to the outer products was
noted. Close to the initial boundary (P2), numbers of hydrotalcite-like

crystals were detected, exhibiting an inward growth direction and a
lath-like morphology (Fig. 10 (f)). Its layered structure was suggested by
the fringes occurred in Fig. 10 (f-1). Moving inside to the sandwiched
zone (P3), fibrous morphology of the hydration products was found
again (Fig. 10 (g)).

When approaching the area labelled as P4, a rough texture was
detected surrounding the unhydrated grain core (Fig. 10 (h)), like the
case examined in Section 3.1.2.2. According to the results of linescan
and element mapping in Fig. 11 and 12 respectively, magnesium accu-
mulated here to form a new Mg-rich region, representing the dark core
in Fig. 10 (a). Nonetheless, no lath-like morphology indicating the for-
mation of hydrotalcite-like crystal was observed in this sub-zone. In
addition, no diffraction spot was seen in the fast Fourier transform
pattern in Fig. 10 (h-1).

It should be noted that no trace of an unreacted core was detected in
the BSE image; however, some remnant particles were recognized
beneath the surface, e.g., the right part in Fig. 10 (h) which presented an
opaque feature. This observation aligned with the findings from multiple
SEM-BSE observations in Section 3.2.1, confirming that the observed
elemental distribution pattern can also be sourced from the thick rim of
a partially hydrated large slag grain.

Fig. 11 reports the EDS linescan-profiles (atomic ratio) of the main
elements along the white dissection line in Fig. 10 (c). As can be seen, a
considerable reduction in Ca and Si while a rise in Mg content was
noticed at the border (P1 — P2). Following, the Mg concentration
reached a local maximum (P2). In the adjacent sandwiched zone where
P3 was situated, the amount of Mg decreased, accompanied by a slight
increase of Ca and Si contents. Remarkably, the Mg concentration rose
again towards the unreacted core (P4). Basically, the elemental profiles
along the dissection line agreed well with the distribution of hydration
products in each sub-zone, as observed Fig. 10.

Fig. 12 gives a close-up HAADF image of a representative region in
Fig. 10 (c), along with its corresponding main element mappings.
Magnesium was confined within the perimeter of original slag particle
and cannot enter the surrounding matrix. A higher Mg concentration
was found near the perimeter and in the center. Furthermore, it
appeared that AI** jon was distributed evenly across the whole area,
consistent with the EDS linescan results depicted in Fig. 11.

Regarding the Ca?* and Si*" ions, they can readily be dissolved and
transported into the cement matrix because of their high mobility. These
ions played a crucial role in the formation of C—(A)-S-H gel phase as
outer products. Consequently, a significant deficiency of Ca and Si was
revealed at the border. With the advancement of reaction front, some
Ca?* and Si*" ions were entrapped in the rim, participating into the
precipitation of the gel phase in the sandwiched zone.

3.3. Large slag grains

In these several decades old concrete samples, partially hydrated
large slag grains were frequently visible (purple-circled in Fig. 9). These
grains can be recognized by hydrated thick rims and unhydrated cores,
which presented dark and bright colorations, respectively. Overall, hy-
drated rims were developed irregularly, and their thickness varied
considerably. Within the rim, the area near the boundary showed a dark
coloration with a lower average atomic number (rich in Mg), while the
adjacent sandwiched zone exhibited a less dark coloration with a higher
mean atomic number (rich in Ca and Si). When moving inward further, a
new dark region emerged (rich in Mg), which was connected with the
unreacted core directly. Apart from the unhydrated core, the zonation
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Fig. 7. TEM analysis of hydrates in an area with entire Mg occupying; (a) BSE image of the interested area; (b) Coating the area with platinum cover; (c) The overall
morphology of vertical section of the target area; (d) Magnified image of the area marked in (c); (e) Magnified image of the area marked as P1 in (d); (f) Zoomed in
image of the area marked as P2 in (d); (f-1) Zoomed in image of the squared region indicated in (f); (f-2) High resolution lattice fringe image of the phase marked in
(f-1); (g) Magnified image of the area marked as P3 in (d); (g-1) Zoomed in image of the squared region indicated in (g).
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Fig. 8. The marked area in Fig. 7 illustrated by HAADF micrograph and its main element mappings. Left: HAADF micrograph; Middle top and bottom: Ca and Al

mappings; Right top and bottom: Si and Mg mappings.

Fig. 9. A representative BSE micrograph of the microstructure.

within the rims of partially hydrated large slag grains was exactly the
same to medium-sized slag particles.

3.3.1. Multiple SEM-BSE observations

Two representative examples encircled as 4 and 5 were displayed in
Fig. 4. Within the rims, three sub-zones can be identified by two grey
pixel values. It was important to note that this elemental distribution
pattern was retained even as the area of unreacted cores gradually
reduced with polishing.

3.3.2. In-situ observations with TEM

The target area, indicated by the rectangle in Fig. 2 (a), was
employed as an example of a partially hydrated large slag grain for TEM
analysis. Fig. 13 (a) illustrates the overview of the interested area
beneath the platinum cover. The border separating the inner and outer
products of slag grain was clearly noticed. A magnified image of the
selected area was elaborated in Fig. 13 (b), where fibrous C—(A)-S-H gel
phase was noted in the bottom-right corner of the graph. Additionally, a
close-up view of the area marked as P1 at a higher magnification was
displayed in Fig. 13 (c). Along the initial perimeter (P2), a zoomed in
image was given in Fig. 13 (d). Massive lath-like hydrotalcite-like
crystals accumulated here, with ordered atomic planes stacking implied

by fringes in Fig. 13 (d-1).

When moving inside to the sandwiched zone (P3), the fibrous
morphology of the gel phase was seen (Fig. 13 (e)). On the left side of
Fig. 13 (f), the opaque part was considered to be the unhydrated slag
core. Notably, a coarse texture was detected to surround the unreacted
center (P4).

Fig. 14 reports the EDS linescan-profiles (atomic ratio) of elements
along the white dissection line in Fig. 13 (a). A notable decrease in Ca
and Si contents while increase in Mg concentration was found at the
border (P1 — P2). On the contrary, in the sandwiched zone (P3), there
was an increase in Ca and Si concentrations for the formation of C—(A)-
S-H gel phase. As penetrating further towards the core where P4 was
situated, a new Mg-rich region occurred connected with the unhydrated
core.

Fig. 15 gives the HAADF micrograph of a representative region
extracted from Fig. 13 (a), along with its corresponding main element
mappings. Magnesium was distributed within the original slag grain
perimeter. Ca and Si ions dissolved at the border had migrated out,
leaving the boundary enriched in Mg. Moving inside to the sandwiched
zone, the concentrations of Ca and Si increased while the Mg content
reduced. As for aluminum, it occupied the rim and unhydrated core
without any obvious enrichment. Overall, the elemental profiles along
the dissection line (Fig. 14) agreed well with this element mappings.

Comparing the cases analyzed in Sections 3.2 and 3.3, it was noticed
that a zonation with three sub-zones, i.e., hydrotalcite-like crystal near
the boundary + C—(A)-S—H gel phase in the sandwiched zone + Mg-rich
area in the core, were applicable for the hydration of both medium- and
large-sized slag grains. One should keep in mind that it was commonly
difficult for large slag grains to reach full hydration potential, thus
unhydrated remnants can be observed in the centers surrounded by the
Mg-rich area.

4. Discussion

It is worth noting that all microscopical techniques, such as SEM and
TEM, only provide a 2-dimensional view of a 3-dimensional micro-
structure. The author in [19] had already well demonstrated the con-
sequences of this fact. To overcome this challenge, the authors of this
paper combined multiple SEM-BSE and in-situ TEM observations, and
provided a 3-dimensional insight into the distribution patterns of inner
products of slag. In the rims, hydrates located in different sub-zones
exhibited different grey pixel values (SEM), as well as intrinsically
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1000 nm

Fig. 10. TEM analysis of inner hydration products of a representative slag grain; (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 marked in (c); (e) Magnified image of the area marked as P1 in (d);
(f) Zoomed in image of the area marked as P2 in (d); (f-1) High resolution lattice fringe image of the phase marked in (f); (g) Magnified image of the area marked as
P3 in (d); (h) Zoomed in image of the area marked as P4 in (d); (h-1) The fast Fourier transform of phases in this region.
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Fig. 11. Linescan-profiles of Ca, Si, Al and Mg along the white dissection line shown in Fig. 10 (c).

Fig. 12. A representative region in Fig. 10 (c) presented by HAADF image and
its main element mappings. Left: HAADF micrograph; Middle top and bottom:
Ca and Al mappings; Right top and bottom: Si and Mg mappings.

different morphologies and compositions (TEM).

Fig. 16 depicts a schematic illustration of the 3-dimensional distri-
bution patterns of hydrates in the slag rims, which are dependent on the
original sizes of parent slag particles. A detailed comparison of each
pattern was reported in the Table 1 below. For fully hydrated small slag
grains, lath-like, well-crystalline hydrotalcite-like crystal precipitated,

11

grew, and accumulated near the boundary, forming a layer with a
thickness slightly >0.5 pm. The magnesium, even when released in the
center, can diffuse towards the boundary (concentration difference),
participating in the aging of hydrotalcite-like phase. For Ca%t and Si**
ions dissolved at the border, they migrated into cement matrix,
contributing to the formation of homogeneous, dense, and fiber-like C—
(A)-S-H gel phase (outer products) with Ca/Si and Al/Si atomic ratios at
~1.10 and ~0.17, respectively. Some of the Ca?* and Si** ions dissolved
in the middle can also move outside into the matrix owing to their high
mobility, passing through the interlayer space of hydrotalcite-like phase
precipitated along the boundary. This process was driven by the con-
centration difference between the interior and exterior of the slag par-
ticle. For those ions trapped in the center, they took part in the local
formation of fibrous gel phase. Eventually, a concentration equilibrium
between cement matrix and grain core was reached, as evidenced by the
similar grey-scale coloration and Ca/Si atomic ratio of the gel phases.
The larger the size of a slag grain, the harder it was to reach a full
hydration. It can probably be attributed to the lack of alkaline source
and/or limited space for the growth of hydrates [21,22]. Meanwhile, it
was also difficult for the newly released magnesium ion from the reac-
tion front to reach the boundary due to its low mobility [20] and the
increased migration distance. Therefore, it accumulated locally to form
a new Mg-rich zone. For a totally hydrated grain, the Mg-rich region
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Fig. 13. TEM analysis of hydrates within the rim of a partially hydrated large slag grain; (a) The overall morphology of hydrates beneath the platinum cover; (b)
Magnified image of the area marked in (c); (¢c) Zoomed in image of the area marked as P1 in (b); (d) Magnified image of the area marked as P2 in (b); (d-1) High
resolution lattice fringe image of the phase marked in (d); (e) Magnified image of the area marked as P3 in (b); (h) Zoomed in image of the area marked as P4 in (b).

occupied the center; as for a partially hydrated one, it was connected
with the unreacted slag core. Fibrous C—(A)-S-H gel phase existed in the
sandwiched zone between these two magnesium-rich zones. Newly
dissolved Ca®" and Si** ions from the reaction front would diffuse to the
sandwiched zone due to concentration differences, as well. Notably,
medium- and large-sized slag grains exhibited a similar distribution
pattern of hydrates, and thus were summarized together in this study.
In the previous work of [18], it was concluded that when the rim was
thick enough (typically >5 pm), a new Mg-rich region started to occur
locally. In other words, the maximum diffusion distance of magnesium
was <5 pm. However, this value was only determined solely based on 2-
dimensional SEM imaging and may not be entirely accurate. As
explained in [19], sections through slag grains were generally not be
equatorial, which led to an overestimation of the thickness of slag rims.
Although Mg accumulated in the new Mg-rich area, no lath-like

12

morphology was observed in this sub-zone in both cases analyzed in
Sections 3.2 and 3.3. Also, no diffraction spot was seen in the fast Fourier
transform, suggesting that the phases precipitated here were disordered.
In a related study [23], the authors adopted FIB to mill slag particles and
investigated the dissolution and hydration of single micron-sized slag
grain. They found that pH strongly affected the dissolution rate of slag
and the morphology of hydrates. Large crystalline platelets, most likely
to be hydrotalcite-like phase [24], was only observed at high OH- ion
concentrations (> 1.0 M, i.e.,, pH > 14). The authors attributed this
observation to the pH-dependent solubility of Mg [25]. In the dissolution
process initiated at the surface of slag particles in our study, the pH of
pore solution was ~13.0 [26,27]. The precipitation of platelet-like
hydrotalcite-like phase at this pH was also confirmed in [28]. Howev-
er, note that the pH of pore solution gradually decreased with the
extension of curing [27]. Furthermore, for continues dissolution, OH™
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Fig. 14. Linescan-profiles of Ca, Si, Al and Mg along the white dissection line
shown in Fig. 13 (a).

ion was required to migrate from pore solution to the surface of unhy-
drated slag core, where the local internal pH was challenging to deter-
mine. Nonetheless, this local pH was most probably lower than the bulk
pH of pore solution owing to the cycle dissolution-precipitation occur-
ring in the rim [29]. Additionally, it was worthwhile to mention that
space should not be a controlling factor as the inner hydration products
mainly occupied the original area of slag particle, and secondary hy-
drates did not require extra space for precipitation and growth.

Based on the findings in [30], it was observed that at a pH of

Cement and Concrete Research 176 (2024) 107396

approximately 9.0, the Mg/Al atomic ratio of synthetic hydrotalcite
crystal did not go up linearly with the increasing Mg?* content in the
solution. Conversely, increasing the pH of solution led to enhanced
Mg?" incorporation into hydrotalcite framework during co-
precipitation. As reported in [31], when the pH of solution dropped to
<9.0, hydrotalcite crystal was not stable anymore. Mg?* ion started to
leach out accompanied by the formation of gibbsite. It is well accepted
that aluminum hydroxides can precipitate at a relatively low pH, i.e.,
<5.0 [32]. In contrast, magnesium can only develop hydroxide precip-
itate when the pH exceeds 10.0 [33]. Therefore, although the met-
al-oxygen bonds existing in the network structure of slag were disrupted
and Mg?" ions were released locally, the low internal alkaline envi-
ronment hampered the formation of lath-like hydrotalcite-like crystal. It
was also reasonable to assume that the phases exhibiting a coarse and
rough texture were probably associated with the formation of Mg-
containing species (or the precursor of hydrotalcite-like crystal) and
gibbsite.

Moreover, note that no trace of magnesium can be detected in the
middle of small slag particle. However, in the sandwiched zone of me-
dium and large slag grains, in addition to the precipitation of C—(A)—
S-H gel phase, a certain amount of Mg was detected in this area (Fig. 11
and 15). It was reasonable as small slag grains reacted fast at an early
age, facilitating the relatively easy diffusion of magnesium. However,
the microstructure of cement matrix became denser at the later stage of
hydration, and there was little pore and pore solution left for its trans-
portation. As mentioned earlier, hydrotalcite-like crystal was not formed
in the center and Mg probably existed in a free state. Therefore, mag-
nesium can diffuse to the sandwiched zone because of concentration
difference.

As proposed in [19], large slag particles had a higher likelihood of
being sectioned. When cut along the unreacted center as the case
demonstrated in Section 3.3, the distribution pattern of hydrates can be
observed properly. However, when sectioned along different sub-zones
in the rim (Fig. 17), some misleading results may be yielded. For
example, when sectioned along line 1, this partially reacted large slag
grain would appear as a ‘small’ area with a uniformly dark coloration,
similar to the case analyzed in Section 3.1.2.2. Along dissection line 2, it
would be easily mistaken for a completely hydrated ‘small’ slag particle
exhibiting two sub-zones. However, some magnesium can be detected in
the center of this ‘small’ grain. This served as the main clue to distin-
guish a real small slag grain and a small area cut from the rim along a
partially hydrated slag particle. When cut along line 3, three sub-zones
would be found, like the case investigated in Section 3.2.2. Under this
circumstance, there were currently no clues available to identify
whether unhydrated slag remnants remained below the sample surface

Fig. 15. A representative region extracted from Fig. 13 presented by HAADF micrograph and its main element mappings. Left: HAADF micrograph; Middle top and

bottom: Ca and Al mappings; Right top and bottom: Si and Mg mappings.
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Hydrotalcite-like phase

C-S(A)-H
without Mg

Small

Medium + Large

Hydrotalcite-like phase

C-S(A)-H
with Mg

Mg-rich core

Unhydrated
slag core

Fig. 16. A schematic illustration of 3-dimensional distribution patterns of hydrates in the slag rims with different original sizes.

Table 1
A detailed comparison of each pattern.
Group Sub- Comments
zones
Small 2 Hydrotalcite-like crystal near the boundary + C—(A)-
S-H gel phase in the core (without Mg)
Medium/ 3 Hydrotalcite-like crystal near the boundary + C—(A)-

Large S-H gel phase (with Mg) in the sandwiched zone + Mg-
rich species in the core

or not.
5. Conclusions

Combining multiple SEM-BSE and in-situ TEM observations together,
the authors in this paper provided a comprehensive 3-dimensional
insight into the distribution patterns of inner products of slag. Within
the rims, hydrates located in different sub-zones exhibited different grey
pixel values (SEM), as well as intrinsically different morphologies and
compositions (TEM).

e For fully hydrated small slag grains, two distinct sub-zones were
formed in the rims. Lath-like, well-crystalline hydrotalcite-like
crystals were found to precipitate, grow, and accumulate near the
boundary, forming a layer with a thickness slightly exceeding 0.5
pm. In the center, entrapped calcium and silicon played roles in the

formation of a homogeneous and fibrous C—(A)-S-H gel phase. The
concentration equilibrium between cement matrix and grain core led
to the establishment of a similar grey pixel value (SEM) and Ca/Si
atomic ratio of gel phase at ~1.10 (TEM).

e As for medium- and large-sized slag grains, three sub-zones became
visible. Hydrotalcite-like phase was enriched near the boundary,
followed by a sandwiched area abundant in fibrous C—(A)-S-H gel
phase. Due to the low mobility and increased migration distance,
newly released magnesium from reaction front accumulated locally
to form a new Mg-rich region.

e The low internal alkaline environment hampered the formation of
hydrotalcite-like crystal in the additional Mg-rich region, which
exhibited a coarse and rough texture. Magnesium dissolved in this
area was able to diffuse into the sandwiched zone owing to the
concentration difference. However, no trace of magnesium can be
detected in the center of small slag particle. It was the main clue to
distinguish a real small slag grain and a small area cut from the rim
along a partially hydrated slag particle.

Our findings suggest that it is the size of a slag grain and the low
mobility of magnesium that determine the 3-dimensional distribution
patterns of inner hydration products of slag. Considering that none of the
existing hydration models relates the original slag size to the generated
phase zoning, the results in this paper would be beneficial for slag hy-
dration modelling. Besides, it should be emphasized that well crystalline
hydrotalcite-like crystals occupy the boundary upon hydration of slag
grains, with a thickness of ~0.5 pm. Therefore, the contribution of

Fig. 17. A schematic illustration of sections along different sub-zones of thick rim around a partially hydrated large slag grain.
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hydrotalcite-like cannot be overlooked, especially for systems with a
high slag substitution level. Its massive formation, growth, and aging
partially explains the excellent performance of blended cements in both
strength and durability aspects. This phase exhibits better micro-
mechanical properties, including elastic modulus and hardness, than
C—(A)-S-H gel phase [34]. Furthermore, hydrotalcite-like phase can
increase the durability through absorbing various harmful species as
interlayer ions [35-40].

Meanwhile, it is worthwhile to mention that not all magnesium
released by slag participate into the formation of hydrotalcite-like
crystal, especially for those dissolved in the core of medium- and
large-sized slag grains. They mainly exist as a free state or in the pre-
cursor of hydrotalcite-like crystal. Thus, BSE image analysis method
would overestimate the quantitative content of hydrotalcite-like crystal
produced in slag-containing systems.
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