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This paper studies chemical composition of partially and fully hydrated slag grains in a (nearly) 40-year-old field
concrete from the Netherlands. The concrete samples were assumed to be sufficiently aged to contain fully
hydrated slag grains as well as partially hydrated large slag particles with thick rims. Our analysis showed that
three different elemental zoning could be identified depending on the original slag grain size. Upon full hy-
dration of a small slag grain (i.e., <8 pm), two distinct regions were identified corresponding to a hydrotalcite-

like phase in the outer rim and a C-S-H gel phase in the core, respectively. As for medium (8-17 ym) and large
(>15 pm) slag grains, three distinct regions were clearly visible. Hydrotalcite-like phase was mainly observed in
the outer rim and the core. C-S-H gel phase was found to be precipitated in the region between the outer rim and

the core.

1. Introduction

As a mature addition in cement industry, blast furnace slag (hence-
forth slag) is a tried and tested, high-performance alternative that has
been used for nearly a century in Europe and North America, as a sup-
plementary cementitious material (SCM) [1-4]. The current European
cement standard EN 197-1 classifies 27 different cement types, 9 of
which contain slag as the main component in proportions from 6 to 95
wt%.

During the hydration of slag cement paste, the main components of
cement clinker, i.e., C3S, CoS, C3A, and C4AF react at different rates to
produce calcium silicate hydrate (C-S-H), portlandite, ettringite, mon-
osulfoaluminate, hydrogarnet and other trace hydration products. On
the other hand, the hydration of slag grains mainly depends on the
breakdown of slag network structure by OH™ ion, in the form of alkali
(Na and K) hydroxide and Ca(OH)5. Slag reacts relatively slowly and can
be treated as inert filler during the early stages of hydration. Secondary
formations, e.g., C-S(A)-H and hydrotalcite-like phases originated from
the dissolution of slag have been identified [5]. Compared with pure
cement paste, blending cement with slag increases the amount of C-S
(A)-H and lowers its Ca/Si atomic ratio as slag contains more SiO, and
less CaO [6-10]. Low Ca/Si C-S(A)-H fills up the capillary pores, re-
duces the total porosity and thus contributes to an enhanced durability
[11-13]. Moreover, hydrotalcite-like phase, considered as a functional
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compound with a Layered Double Hydroxides (LDHs) structure [14], is
closely mixed with C-S(A)-H gel phase forming the so-called ‘inner’
hydration product of slag. The Mg/Al atomic ratio of this phase formed
in slag cement or alkali-activated slag paste is not fixed and differs over a
wide range [9,15,16]. It was observed to be close to hydrotalcite
(MgeAlx(OH)16(CO3)-4H20) compositionally and structurally. However,
the latest findings from evolved gas studies showed that the
hydrotalcite-like phase in slag cement paste was closer to meixnerite
(MgeAl2(OH)16(0H)2-4H20) [17].

Often, laboratory studies to investigate the hydration characteristics
of slag in cementitious systems are restricted within a period of up to
several years, at most. Within several years of curing, typical cement
clinkers may reach a degree of hydration close to 100 %, however most
of the (larger) slag grains are far from reaching their full potential with
respect to their hydration degree. Therefore, many partially hydrated
slag grains are visible even in a cement paste microstructure of several
decades old. It is commonly postulated that slag dissolution becomes
increasingly difficult at later ages. This is mainly because the hydrates
being precipitated around an unreacted slag grain gradually hinder the
diffusion of dissolved Ca, Si, Al and Mg from inside to outside and OH™
ion to diffuse from outside to inside. Thus, the ultimate distribution of
‘inner’ products after the full hydration of slag grain still tends to be a
question unsolved. Moreover, only a few studies could elaborate the
elemental composition of slag rim, which is a challenging work,
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Fig. 1. (a) TG and DTG and (b) XRD results of the 40-year-old slag cement concrete. Ms: calcium monosulfoaluminate; Ht: hydrotalcite-like phase; CH: portlandite;
Cc: calcium carbonate.
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Fig. 2. Two representative BSE micrographs of the microstructure.
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Fig. 3. Main EDS element mappings acquired from the same field of view in Fig. 2(a) in a different orientation.
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Fig. 4. (a) Linescan-profiles of Ca, Si, Al and Mg along the dissection line A-B (The distance from A to B is ~5 pm.) shown in Fig. 2(b); (b) Mg/Al and Ca/Si atomic

ratios and (c) grey level values correspondingly.

particularly because it is too thin to acquire an accurate composition
from a typical short-term laboratory cured sample. The work in [18]
discussed the nano-structural evolution of slag rim in a slag cement paste
up to 180 days and confirmed the formation of three distinct layered
hydration product regions around the unhydrated slag grains due to the
spatial zonation of hydrotalcite-like phase, C-S(A)-H gel phase and
Ca—Al LDHs phase, respectively. The results from [19] also highlighted
that the rim around a partially hydrated slag particle was a composite
phase of C-S(A)-H gel phase and hydrotalcite-like phase formed by the

in-situ reaction between the outer layer of slag and OH™ ions in the pore
solution. The observations in [20] supported the hypothesis that the
positively charged Mg-Al LDH layers were strongly attracted to the
negatively charged C-S(A)-H layers in slag rim during alkali-activation
by means of multiple advanced characterization techniques, e.g., FTEM
and FESEM.

As in the Netherlands the history of slag cement use dates back to
early 1900s, obtaining an aged slag cement concrete for the purpose of
studying fully hydrated slag grains was possible. To this end, 40-year-old
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Fig. 5. (a) Linescan-profiles of Ca, Si, Al and Mg along the dissection line C-D
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Fig. 6. Representative BSE micrograph of the microstructure.

slag cement concrete samples were collected from the field. The age of
this concrete was assumed to be sufficient to allow most slag grains to
have reached their hydration potential and formed thick rims around the
larger slag particles. The results found in this paper provide insight into
the migration of cations (Mg2* ion in particular) during slag dissolution,
and help understand the hydration mechanism of a single slag particle
depending on its size, especially at later ages.

2. Materials and methodology
2.1. Sample information

The concrete samples were collected from Rozenburg Wind Wall
(exposed to the atmosphere without contacting water) located between
Road Isarweg and Neckarweg, Europoort Rotterdam (Port of Rotterdam)
in the Netherlands, which was built in 1985 and produced using CEM
II1/B.

In order to identify the hydrates formed in the samples, thermogra-
vimetric analysis (TGA) and X-ray diffraction (XRD) measurement were
performed. Hydration of the samples was stopped by solvent exchange
with isopropanol. Slices cut and selected from the samples were ground
and sieved below 63 pm. TGA was performed on Netzsch STA 449 F3
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Jupiter under Argon atmosphere. About 40 mg of sample powder was
heated from 40 to 900 °C with a heating rate of 10 °C/min in an Al,O3
crucible together with an identical empty crucible as reference. XRD
data was collected using a Philips PW 1830/40 Powder diffractometer
with Cu K-alpha radiation. The machine was operated with an X-ray
beam current of 40 mA and an acceleration voltage of 40 kV. Sample
powders were scanned from 5 to 60° (20) with a step size of 0.03°. TG
and DTG results in Fig. 1(a) shows that the small peak between 400 and
500 °C sourcing from the dehydration of portlandite almost disappears.
The peaks located at approximately 250 and 350 °C indicate the pres-
ence of hydrotalcite-like phase. The mass loss at 100-150 °C suggests the
presence of C-S-H gel phase. The shoulder at ~200 °C implies the for-
mation of calcium monosulfoaluminate, originated from the trans-
formation of ettringite with time. It is visible clearly in the samples after
about 40 years. Similarly, the results of XRD confirmed the existence of
monosulfate, hydrotalcite-like phase, and portlandite in the paste.

2.2. Experimental method

Samples were immersed in isopropanol solution for one week to stop
hydration, dried at 40 °C oven for 1 h, and impregnated with low vis-
cosity epoxy resin. Polished section was prepared for the microstructural
analysis. The sample surface was ground with #180, #220, #320, #800,
and #1200 SiC grinding papers cooled with pure ethanol sequentially,
and polished by 9, 3, 1, and 0.25 pm diamond paste, in turn. After each
step, the sample was immersed in an ultrasonic bath filled with 100 %
ethanol for 30 s for cleaning. Finally, the well-polished sample surface
was carbon coated in a Leica EM CEDO030 carbon evaporator at a
thickness of about 10 nm.

Elemental composition of the hydrates formed during the hydration
of slag grains were characterized by a FEI QUANTA FEG 650 ESEM
equipped with X-ray energy dispersive detector in high vacuum chamber
condition using internal microanalytical standards. The accelerating
voltage and working distance used throughout the analysis were kept at
10 kV and 10 mm, respectively.

3. Results

In the present paper, we classified the slag grains into three groups
based on their apparent original diameter (or size) as acquired by the
BSE imaging, assuming that the slag grains retained their shape during
hydration. The slag size groups were named as: small (1 pm < d < 8 ym),
medium (8-17 pm), and large (>15 pm), which were hypothetically
linked to different elemental zonings. For the detailed classification
process, please refer to Appendix. The results are presented for each size
class.

3.1. Small slag grains

3.1.1. Microstructure

Fig. 2 illustrates a homogeneous and dense matrix containing
unhydrated slag particles even after around 40 years. The hydrates
precipitated as rims around unreacted slag grains were observed which
were integrated with the surrounding cement matrix. Additionally, fully
hydrated tiny slag grains (<1 pm), as shown in dashed circles in Fig. 2
(a), were found to be dispersed throughout the microstructure. The tiny
slag grains were excluded in this study due to the insufficient spatial
resolution the microanalytical technique offers. Nonetheless, it is plau-
sible to suggest that the observations on the small slag grains would
provide insight for understanding the hydration characteristics of the
tiny slag grains, as well.

As seen in circle 1, the outer rim of the fully hydrated small slag grain
shows relatively dark coloration (representing low mean atomic num-
ber). Conversely, the core or center displays a less dark grey pixel value,
almost the same coloration compared to the cement matrix. Also, it is
found that the outer rim develops uniformly, and the thickness of them
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Fig. 7. A representative region in Fig. 6 presented by BSE micrograph with higher magnification and its main element mappings correspondingly. Left: BSE
micrograph; Middle top and bottom: Si and Ca mappings; Right top and bottom: Mg and Al mappings.

fluctuates around 1 pm.

3.1.2. Elemental composition

Fig. 3 shows the EDS mappings of the main elements (Ca, Si, Al, and
Mg) of Fig. 2(a). The intensity of each color is related to the concen-
tration of the corresponding element. Higher pixel values are repre-
sented brighter, indicating higher concentrations of a given element.
Magnesium appeared to be exclusively entrapped within the original
slag grain boundaries. Interestingly magnesium deficiency was observed
in the core region of small slag grains upon full hydration. Moreover,
similar features were observed for aluminum in several other grains.

In Fig. 4(a) EDS linescan-profiles of the main elements (Ca, Si, Al,
and Mg) can be seen along the dissection line A-B from Fig. 2(b). Mg/Al
and Ca/Si atomic ratios, and grey level along the line are shown in Fig. 4
(b) and (c), correspondingly. Consistent with the element mappings
shown in Fig. 3, aluminum and magnesium species were accumulated in
the outer rim near the border, while the core was rich in calcium and
silicon, deficient in aluminum, and without any trace of magnesium. The
Mg/Al atomic ratio in the outer rim was about 2.0, and it drastically
levelled off to null in the core. The Ca/Si atomic ratio fluctuated
considerably without showing a systematic trend. Based on these results,
it can be postulated that as the hydration proceeds in a small slag grain,
the newly released Mg?* ions tend to migrate towards the perimeter of
the slag grain; however, they cannot move far away from the grain due
to their low mobility and instantaneous precipitation in the form of
hydrotalcite-like phase [6,7,9]. In other words, Mngr ions are captured
and fixed within the outer rim. Furthermore, Al ions, which present fair
mobility, move out during the hydration as confirmed in Fig. 3. At the
same time, it was estimated that nearly half of the Al ions enter into the
matrix and are incorporated into C-S(A)-H gel phase. (The Mg/Al
atomic ratio of raw slag was just a little <1 [21] and all magnesium is
fixed into hydrotalcite-like phase with a Mg/Al ratio ~ 2.0.) Meanwhile,
there were still large quantities of calcium and silicon entrapped inside

the core, playing a role in the formation of C-S-H gel phase (Fig. 4(a)
and (b)).

Accumulation of Al and Mg at the outer rim is further seen on BSE
grey level values as shown in Fig. 4(c). Relatively lower mean atomic
numbers of these elements are represented by darker grey pixels with an
arbitrary value of 60 as opposed to the pixel values of the grain core. The
core being rich in Ca and Si was observed lighter in color (pixel value
140) due to the higher mean atomic number in this zone. It was also
noted that the core displayed a similar grey level to the surrounding
matrix, indicating an almost identical mean atomic number, i.e., Ca/Si
atomic ratio in principle, was formed by hydrates in the matrix and core
of small slag grains.

Fig. 5(a) and (b) shows EDS linescan profiles of the elements (Ca, Si,
Al, and Mg) as well as the BSE grey level values along the dissection line
C-D from Fig. 2(b), respectively. On this dissection line, the grey values
corresponding to the outer rim and core did not have sufficient contrast
to allow visual distinction compared to the A-B dissection line. The grey
value is about 80 near the outer rim and it only increases to 110 on
average at the core. A tiny increase in Mg concentration, while a
decrease in Ca and Si concentrations is found near the border. The trend
reverses in the core, where the concentration of Mg goes down a little
bit, while Ca and Si concentrations go up slightly. Neither exhaust of Mg
and/or Al in the core nor apparent accumulation of them in the outer rim
is observed in this case.

In fact, elemental profiles along the dissection line C-D were quite
similar to the observations on the rim of slag grain shown inside Circle 3-
1 in the following Section 3.3.1. Thus, it is reasonable to assume that this
region does not source from a totally hydrated slag particle, rather than
is cut from a thick rim along partially hydrated slag particle.
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Fig. 8. (a) Linescan-profiles of Ca, Si, Al and Mg along the dissection line A-B (the distance from A to B is ~10 pm) shown in Fig. 7; (b) Mg/Al and Ca/Si atomic ratios

and (c) grey level correspondingly.

3.2. Medium slag grains

3.2.1. Microstructure

In concrete with a long service life, fully hydrated slag grains of
medium size (8-17 pm) are also frequently observed, two of which are
encircled in Fig. 6. The elemental distribution was recognized zoning in
the BSE micrograph as two distinct grey pixel values forming three zones
within the medium slag grains. The outer rim area as well as the grain
core show lower average atomic number while the zone in-between

(named as sandwiched zone henceforth) was composed of a higher
average atomic number.

3.2.2. Elemental composition

Fig. 7 displays a close-up BSE micrograph of a single medium-sized
slag grain in Fig. 6, as well as its main element (Ca, Si, Al, and Mg)
mappings of the same field of view. Magnesium appears to be distributed
within the boundaries of the original slag grain and could not diffuse
into the cement matrix. Unlike the observations on the small slag grains
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(b)

Fig. 10. A representative region and its main element mappings correspondingly. Left: BSE micrograph; Middle top and bottom: Ca and Al mappings; Right top and

bottom: Si and Mg mappings.

shown in Fig. 3, magnesium occupies the entire slag grain, with a higher
concentration in the core region. In addition, the other elemental
mappings in Fig. 7 show that most Ca and Si ions have migrated out,
leaving the core enriched in Al and Mg, after full hydration.

Fig. 8(a) reveals EDS linescan-profiles of the elements (Ca, Si, Al, and
Mg) along the dissection line A-B in Fig. 7. Mg/Al and Ca/Si atomic
ratios, and grey pixel levels on the line are shown in Fig. 8(b) and (c),
correspondingly. A clear increase in Mg concentration, while a decrease
in Ca and Si concentrations was found in the outer rim. In the adjacent
sandwiched zone, the concentration of Mg decreased. Then, the Mg
concentration rose towards the core remarkably, even higher than the
values measured in the outer rim, leading to a higher Mg/Al ratio in the
middle of the dissecting line. As for the grey value, it was about 90 in the
outer rim and core, while it increased to approximately 140 in the
sandwiched zone.

Based on the results above, it can be postulated that as the hydration
progresses in a medium slag grain (of typically 8-17 pm), Mg tends to
migrate towards the outer rim and fixed there, leading to a Mg/Al
atomic ratio of ~1.5. The newly released Mg>" ions in the core accu-
mulate locally due to their low mobility [6,7,9]. It appears that A1>* jons
do also migrate outwards, and a minor increase of Al concentration was
observed in the outer rim, in the form of hydrotalcite-like phases
together with Mg. On the other hand, due to their high mobility, Ca**
and Si** ions can readily be dissolved and transported into cement
matrix and take part in the formation of C-S-H gel phase [18,22]. The
entrapped Ca?t and Si** ions would play roles in the precipitation of
C-S-H gel phase in the sandwiched region.

3.3. Large slag grains

3.3.1. Microstructure

Fig. 9 displays BSE micrographs of two randomly selected micro-
structure where partially hydrated large (>15 pm) slag particles were
observed. These grains can be recognized by their unhydrated core and
hydrated thick rim, which are represented with light grey and dark grey
pixel colors, respectively. Hydrated rim was developed irregularly sur-
rounding the slag grains and their thickness vary considerably. Prefer-
ential development of the rim hydration on one side was also common.

3.3.2. Elemental composition

Fig. 10 illustrates another representative microstructure mainly
containing large slag grains, as well as its main element (Ca, Si, Al, and
Mg) mappings at a close-up view. No doubt that magnesium is still
distributed within the original slag grain boundaries, and most Ca and Si
ions dissolved from unreacted slag cores have migrated out, leaving the
rims enriched in Al and Mg as a result. However, unlike the observations
on the small slag grains (Fig. 3) and medium slag grains (Fig. 7), two
cases can be identified for partially hydrated large slag grains. For slag
grains indicated as 3-1, the rims are very thin. Al and Mg are accumu-
lated in the rims while Ca and Si migrate out into cement matrix. No
clear zonation is observed in this case. For slag grains indicated as 3-2,
the rims are apparently thicker. The outer rim rich in Mg appears dark
while the Ca and Si concentrations increase in the sandwiched zone (Mg
concentration decreases in this zone). When moving inside further, a
new region, also abundant in Mg occurs surrounding the unreacted slag
cores directly.

Fig. 11 presents EDS linescan-profiles of the elements (Ca, Si, Al, and
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Fig. 11. Linescan-profiles of Ca, Si, Al and Mg along the dissection line A-B (the
distance from A to B is <5 pm) shown in Fig. 9(a).

Mg) along the dissection line A-B in Fig. 9(a). The large grain examined
here exhibits a commonly observed form of partial hydration, found in
early age slag cement pastes. As shown in Fig. 11, a minor increase in Mg
content and a decrease in Ca and Si was determined in the outer rim near
the grain boundary, while the inner rim showed opposite trend for the
concentrations of the same ions.

Fig. 12(a) reveals EDS linescan-profiles of the elements (Ca, Si, Al,
and Mg) along the dissection line C-D in Fig. 9(b). Mg/Al and Ca/Si
atomic ratios and grey level across the line are shown in Fig. 12(b) and
(c), correspondingly. The outer rim rich in Mg appears dark; the sand-
wiched zone shows a lighter coloration as Ca and Si concentrations in-
crease. As we penetrate further towards the core, a new region, also
abundant in Mg occurs which surrounds the unreacted slag core directly.

Mg/Al atomic ratio shown in Fig. 12(b) exhibits a similar trend to
that of Mg concentration in Fig. 12(a), which is ~2.0 in the outer rim
and the newly formed region, while it decreases to ~1.0 in the sand-
wiched zone between them. As for the grey value along the line C-D, the
value is about 80 on average in the outer rim and newly formed region
rich in Al and Mg, while it increases to approximately 120 in the sand-
wiched zone.

4. A schematic summary and discussion

Fig. 13 shows a typical grey level histogram of the paste component.
Three main phases were distinguished by deconvoluting the peaks,

Cement and Concrete Research 162 (2022) 106985

namely Hydrotalcite-like phase in the rim of slag, C-S-H gel phase, and
anhydrous slag grain.

Phase segmentations were carried out by thresholding grey pixel
values (0-255) based on the generated histogram [23]. The range of
pixel values of the three segmented phases were 0-100 (blue), 100-160
(origin), and 160-255 (green), which are highlighted with artificial
pixel range colorations. Fig. 14 presents one typical micrograph field of
view, acquired at 2000 x magnification, where the spatial distribution of
the three phases is highlighted. In principle, high pixel value (160-255)
corresponds to anhydrous slag phases, and minor unhydrated cement
clinker. Hydrotalcite-like phase, secondary precipitation from the hy-
dration of slag is represented by low pixel values (0-100). Its distribu-
tion was linked to the size of original slag grain significantly. In fully
hydrated small slag grains, it accumulates only in the outer rim near the
border. In fully hydrated medium slag grains, it occupies the outer rim as
well as the core area. Finally in large slag grains the it phases is
distributed in the outer rim and within the newly formed region sur-
rounding unreacted slag grains. Pixel values of (100-160) could be
assigned to C-S(A)-H gel phase, which is the essential component of
cement matrix. Meanwhile, it is also precipitated in the rim of slag. For
small slag grain after full hydration, it is formed in the core; as for
medium and large slag grain, it exists in the sandwiched zone between
two regions rich in hydrotalcite-like phase.

In summary, Fig. 15 gives a schematic summary of the formation and
spatial distribution of the hydrates in a fully hydrated slag grain, based
on the original size of the parent slag grains. For medium (8-17 pm) and
large slag grains (>15 pm), various intermediate (or transition) states
are frequently observed even in a well-aged concrete. Each intermediate
state appears to act as a precursor for the consequent stage up to the
ultimate phase composition. The dissolved Mg ions are fixed into the
hydrotalcite-like phase near the grain boundary. At this stage the rim
area is composed of two different regions (State 1, 3-1 in Figs. 9 and 10).
This configuration is commonly observed in slags with relatively low
degree of hydration. As the hydration proceeds, the newly released Mg
ions cannot reach the grain boundary and form a new region which was
represented as a dark inner ring (State 2, 3-2 in Figs. 9 and 10). With the
reaction front proceeding inside, the ultimate distribution of hydrates is
assumed to be similar to that of medium slag grain as seen in Fig. 15.

In fact, it becomes increasingly difficult for the continuous dissolu-
tion of large slag grain at later age in the actual environment. As
confirmed by the TG and XRD results (Fig. 1), portlandite (the source of
OH" ion) has almost been consumed. Furthermore, lack of space for the
growth of hydration products may also make the dissolution of large slag
grain hard to complete [18].

As mentioned earlier, the hydration of submicron slag grains (<1
pm) is excluded from the scope of this paper. For one thing, it was
difficult to observe a clear distribution of hydrates within the original
slag grain due to its size. For another, an accurate elemental mapping is
not possible due to the minimum electron-solid interaction volume.
Nonetheless, according to the observation on small slag grain, it is
postulated that after the full hydration of submicron slag grain, Ca and Si
move out into the matrix. On the contrary, Mg together with Al takes
part in the formation of hydrotalcite-like phase.

It is well recognized that the range of Mg?* ion is restricted within
the original slag grain boundary, even for the ions originally positioned
near the slag particle surface. At the atomic level, the central Mg?" ion of
hydrotalcite-like phase is surrounded by six hydroxyl groups in an
octahedral configuration. Through edge-sharing, these octahedral units
form infinite, charge-neutral layers, which stack on top of one another to
form the three-dimensional structure. The length of interlayer space
(doos) is ~1 nm, depending on the exact chemical composition [24-26].
Compared with the size of various ions and molecules, e.g., Ca?*, si*t,
AI**, OH™, and H,0, the interlayer space of hydrotalcite-like phase can
be considered as a natural passage for the free transport of these ions and
molecules.

When the hydration is initiated at the surface of a slag particle, a high
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(b)

Fig. 12. (a) Linescan-profile of Ca, Si, Al and Mg along the dissection section C-D (the distance from C to D is >5 pm) shown in Fig. 9(b); (b) Mg/Al and Ca/Si atomic
ratios and (c) grey level correspondingly.

supersaturation, inducing high nucleation rate leads to the precipitation
of nano-sized (amorphous or microcrystalline) hydrotalcite-like phase.
They are distributed homogenously at this stage [22], as shown in
Fig. 15. With the reaction advancing progressively, amorphous, or
microcrystalline hydrotalcite-like phase would undergo the onset of
Lifshitz-Slyozov instability [27], and larger, more stable hydrotalcite-
like phase crystals grow at the expense of the smaller ones. A band or
ring is formed where these large and stable crystals are concentrated, i.
e., zone which was defined as the outer rim in this study. This process is

200

180

Ca/Si
Grey value
3

(c)

also known as Ostwald ripening [28]. For a small slag particle, even the
newly released magnesium (in the form of nanometer-sized hydro-
talcite-like phase) from the core could migrate to the grain boundary
after a long hydration time (The radius of a small slag particle is <4
pm.). For Ca®*, si**, and AI®* ions dissolved from the core area, due to
their fair mobility, they can also diffuse (concentration difference,
diffusion-type) outside into the matrix, passing through the interlayer
space of hydrotalcite-like phase formed in the outer rim. The ion con-
centration equilibrium between cement matrix and the core of slag was
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Fig. 13. A typical grey level histogram of the paste component in the con-
crete sample.

further confirmed by the same grey-scale coloration between them.
The larger the size of a slag grain, the harder it is for the newly
released magnesium ions to reach the outer rim due to their low mobility
[22], thus, it accumulates locally to form an additional hydrotalcite-like
region in the core of a medium slag grain or render a hydrotalcite-like
region that is connected to the unreacted slag core of a large slag
grain. In Part 3.3, it is shown that when the rim is thick enough (>5 pm),

Cement and Concrete Research 162 (2022) 106985

Mg accumulates locally. In other words, the maximum migration dis-
tance of magnesium is around ~4 pm, and it also explains that for a
small slag grain, even the magnesium in the innermost could move to the
boundary, leaving the core without any trace of it.

Our findings suggest that it is the size of a slag grain and the low
mobility of magnesium that determine the ultimate form and spatial
distribution of the hydrates in the slag rim. Considering these hydration
product characteristics would improve the accuracy of the slag hydra-
tion simulations as none of the existing models relate the original slag
size to the generated phase zoning within the slag grain. Furthermore, it
should be emphasized that hydrotalcite-like phases occupy a net positive
volume upon full hydration in a medium or large slag grain. Greater
accumulation of hydrotalcite-like phase in the slag rim could increase
the durability of slag cement paste, as it has strong capacity to fix
chloride (Cl7) [29-31], sulfate (SO%’) [32,33], carbonate (CO%’)
[34-36], and other potentially harmful species, as interlayer ions.
However, because the larger a slag grain, the slower it hydrates, a
medium-sized slag grain appears to be a good compromise between slag
hydration degree and the amount of hydrotalcite-like phase produced.
Based on the results of our investigation, we believe that there is great
interest in studying the effects of increased 5-15 pm grain (corre-
sponding to medium-sized slag grain roughly in this paper) fraction on

10 um

(a)

(b)

Fig. 14. (a): One typical micrograph of the microstructure; (b): distribution of three groups of grey value or three phases, i.e., 0-100 (blue, hydrotalcite-like phase in
slag rim), 100-160 (origin, C-S-H gel phase), and 160-255 (green, anhydrous slag grain). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

Unhydrated

slag grain _———— -

(M

Small
(2)
|
|
Medium Initial state |
|
|
3) I
|
l —————
Large

C-S-H
: Ht
1
1
: C-S-H
1
—p —
; Ht
___________ 1
State 2 The Ultimate ?

Transition state

Fig. 15. A schematic illustration about the formation and spatial distribution of hydrates of slag grain with different original sizes after full hydration. Ht:

hydrotalcite-like phase.
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the hydration and durability characteristics of slag cement which could
potentially open new service life design opportunities for slag-rich
cement concrete. One the other hand, one should keep in mind that
the increased medium-sized fraction would decrease the early age
compressive strength, etc. of the blended system, as these early age
properties depend on the hydration of small slag grains significantly.

5. Conclusions

The paper characterized the elemental composition of hydrates
distributed in the slag rims of a 40-year-old slag cement concrete
collected from the field. The form and distribution of the hydrates
resulting from the full hydration of slag grains were identified and
classified based on the slag size. Overall, it is the size of slag grain and
the low mobility of magnesium that determine the ultimate form and
spatial distribution of hydrates in the rim. The main conclusions were
drawn as follows:

e For a small slag grain (<8 pm) upon full hydration, two distinct re-
gions corresponding to entirely different hydrates are formed. The
outer rim is rich in aluminum and magnesium, leading to the pre-
cipitation of hydrotalcite-like phase. Calcium and silicon entrapped
in the core lead to the formation of C-S-H gel phase.

e As for the medium slag grains (8-17 pm), three regions are clearly
visible after full hydration. Hydrotalcite-like phase is mainly formed
in the outer rim and core. C-S-H gel phase precipitates between the
inner and the outer hydrotalcite-like rings.
Different intermediates (or transition states) exist during the hy-
dration of large slag grains (>15 pm). Upon dissolution, Mg ions are
captured and fixed at the outer rim. As the hydration proceeds, the
newly released Mg ions cannot migrate far away. They are deposited
around the unhydrated slag region to form a new local hydrotalcite-
like rich region.

e Medium-sized slag grain seems to be a good compromise between
slag hydration degree and the amount of hydrotalcite-like phase
produced. Our findings suggest that there is great potential in
increasing the medium-sized slag grain fraction during cement
manufacturing for an enhanced durability-related performance in
slag-rich cement concrete.
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