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ARTICLE INFO ABSTRACT

Keywords: Although dissolution theory is widely used, in certain circumstance, it seems to be unable to explain the hy-
CsS ) dration of C3S. In this article, more attention is paid to the nucleation of hydration products. We find that the
Hydration precipitation of C-S-H is a nonclassical nucleation process. It starts with nucleation of primary particles and then
Induction period . . . . . . .

Nucleation grows by particle attachment. A sharp increase in the reaction rate after induction period may come from the

Particle attachment

accelerating growth rate of C-S-H instead of dissolution of etch pits. The duration of induction period relates to

the size of primary floc. Potassium salts influence the primary globule floc size and mitigate the effect from Al
The pH impacts ion species in solution to affect the dissolution and precipitation. A hypothesis regarding the
dissolution of C3S and nucleation of C-S-H within the near-surface region may narrow the gap between disso-
lution theory and protective layer theory.

1. Introduction

The hydration of cement is a sophisticated process, but the research
of it is of great significance for both practical and scientific interest.
During the past decades, there were several reviews on the investigation
of the hydration mechanism. Even though it has been studied for so
many years, some problems remain unsolved or under argument for the
hydration of some pure minerals. The hydration of C3S has attracted
considerable attention because it is the main constituent of ordinary
Portland cement. Having a better understanding of its hydration is a
critical step to unveil the mechanism of the cement hydration. A ma-
jority of the previous studies classified C3S hydration into 5 regions as in
[1], and Scrivener et al. [2] simplified this into 3 periods: I- up to the end
of the induction period (IP); II- the main hydration peak; III- hydration
after the main peak. Whether the reaction in period I is controlled by the
formation of a protective layer covering the surface [3] or only the
dissolution rate [4] is still hotly debated. The duration of period I and
the reaction rate at this period would be affected by many factors,
including intrinsic properties (particle size, doping of impure elements
and annealing treatment) and external factors (inorganic salts, organic
chemicals and temperature). Herein we present a short review on some

interesting investigations about how these factors impact the hydration
of C3S or cement during the IP.

1.1. Particle size/specific surface area and annealing

The size of mineral particles has an impact on the reaction of C3S
during the IP. Costoya [5] performed a systematic work to assess the
hydration of C3S with different particle size distributions, ranging from 6
up to 240 pm. The lowest heat flow from the hydration of coarse par-
ticles is lower than that of the fine particles during IP, and the duration
of the induction period (DIP) for the large particles is longer than the
small ones. A higher specific surface area can shorten the DIP [6,7]. An
annealing treatment of C3S at 650 °C results in a longer IP without much
influence on its particle size distribution. Some authors hold the opinion
that the unannealed C3S and the smaller particles had a higher disso-
lution rate during the IP due to a higher defects density on the surface
[5,6,8]. However, the surface defects may have little effects on the
dissolution rate of minerals such as calcite [9], silicates [10], and the
annealed C3S [11].
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1.2. Doping elements

The incorporation of trace elements and the annealing treatment of
clinker induce polymorphs of C3S [12,13]. C3S in different crystal sys-
tems has a distinct hydration heat release rate to the end of the IP [14].
Triclinic crystal has the shortest IP while the monoclinic system has
much longer IP. The doping of 2.5% Cr, Ni and Zn can stabilize the C3S in
To, T2 and M crystals, respectively, and My C3S doped with Zn has the
longest IP [15]. Although CsS doped with Cr and Ni are in the same
crystal system, the reactivity presents evident differences. Monoclinic
C3S doped with excessive Cu prolongs the IP up to 250 h [16]. These
effects may also result from the trace elements dissolved into the pore
solution. Gineys et al. [17] noticed that Cu, Zn and Pb in the solution
increased the duration of IP of cement hydration. Dietmar Stephan
[18,19] reported that the incorporation of Mg, Al and Fe below 1%
changed the crystal structure of C3S, but they had little influence on the
DIP and the hydration rate during the IP. Bazzoni [20] also found that
doping of Mg and Zn had an impact on the main peak but it induced very
limited effect on the DIP. Most of the published papers unilaterally
connect the effect from doping to its influence on the dissolution rate of
C3S [21-25]. Its effect on nucleation and growth of hydration products
deserves attention as well.

1.3. Water/binder ratio, inorganic and organic admixtures

Water plays a key role in the hydration of C3S. According to [22], the
water to binder ratio (from 0.4 to 0.97) has little effect on the IP of
triclinic C3S (henceforth noted as TC3S) and cement. Recently, Naber
et al. [23] reported that the water to CgS ratio (w/c) may have some
effects on the reaction rate up to 5 h. However, in their study the satu-
rated Ca(OH), (CH) solution was used and the reaction rate was indi-
cated by ex-situ X-ray diffraction (XRD) and thermogravimetric analysis
(TGA) of samples dried at 60 °C. The results from Brown et al. [24]
indicated that the w/c hardly affects the Ca®* concentration in the IP,
which means that the increase of w/c will augment the dissolving
amount of the solid ingredient to gain a critical supersaturation condi-
tion in this period.

Inorganic chemicals in the solution make impact on the DIP as well.
The saturated CaSO4 solution prolonged the DIP but CaCly solution
narrowed this period [25]. Many other soluble chlorides (MgCly, NiCly
and YCl3) presented a reducing effect on the DIP. An interesting small
peak occurred in the long IP (about 15 h) when C3S was hydrated in a
CuCly/CuSOy4 solution [26]. NaOH [27,28] and KOH [29] evidently
shortened the DIP. A high alkalinity even induced the hydration process
to get rid of the IP [30]. Some nanosized insoluble inorganics also pre-
sented a reduction in the DIP. It is recognized as a seeding effect not only
on the hydration in IP but more evidently on the main hydration peak. C-
S-H seeds (precipitated from aqueous solutions of sodium silicate and
calcium nitrate) effectively shortened the IP of C3S and cement hydra-
tion [31]. It is interesting that afwillite seed (prepared from C3S hy-
dration) evidently enhances the main peak but has little effect on the IP
[32]. This implies that the effect from C-S-H seed on DIP can hardly be
explained by providing nuclei to accelerate hydration. Nanosized CaCO3
[33] and TiO5 [34] shortened the IP and increased the lowest hydration
rate from C3S or cement in the IP.

Many organic admixtures that have strong complexation with Ca
ions will prolong the IP, such as sucrose, tartaric acid and succinic acid
[35]; lignosulfonates, glucose and sodium gluconate [36]; cellulose
ethers [37]; D-glucitol, D-galactitol and p-mannitol [38]; and poly-
carboxylate polymers [39]. Some of these admixtures have weak influ-
ence on the dissolution kinetics of pure C3S and even increase its
dissolution rate, which can be deduced from the pore solution evolution
in [38]. The popular explanation for the retarding effect from organic
admixtures will be summarized in the next paragraph.
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1.4. Limitation of current theories for the IP

The two most popular theories for explaining the rapid decrease in
the heat release during early hydration are protective membrane and
dissolution controlled by undersaturation. These theories are well
summarized and distinguished in [2]. The dissolution theory may be
better for explaining the emerge of the IP than the protective membrane,
but it seems to be inapplicable for explaining the retarding effect of
organic admixtures by only considering the relationship between
dissolution rate and thermodynamic of bulk pore solution. This theory
tries to explain the retarding effect by the reason that the ions or mol-
ecules adsorbed on the particle surface passivate the active sites and
block the dissolution of defects, like dislocations outcropping on the
surface, or point defects [4,40]. However, the dissolution rate is
increased by some organic retarders as highlight in the above paragraph.
Moreover, it is doubtful that the longer IP of the annealed C3S can be
explained by the dissolution theory, because the surface defects may
have little effect on the dissolution rate of minerals. Therefore, it is more
reasonable to ascribe the long DIP to the inhibition of the nucleation and
growth of hydration products (Portlandite or C-S-H) induced by the
admixtures [35,41-43]. This inhibiting effect will delay the starting time
of the acceleration period to increase the IP.

This paper presented our study on the hydration of TC3S with solu-
tions, which started with deionized water and sulfuric acid. The pre-
liminary results indicate that it is difficult to explain the hydration of C3S
with a high w/c by the dissolution theory. Therefore, we focused on a
deep analysis on the interfacial nucleation of C-S-H and the dissolution
etch pits on TC3S surface with normal w/c. In the discussion section, we
try to use a hypothesis to provide a holistic explanation for the hydration
process from water contact to the end of the IP. The hydration evolution
was monitored by an isothermal calorimetry test. The composition and
morphology of hydration products were determined by XRD and scan-
ning electron microscopy (SEM). GEMS simulation results supplied a
significant information on the distribution of ion species in the pore
solution.

2. Experiments and simulation
2.1. Materials and procedures

Triclinic C3S is the same materials used in [29] with a purity of
98.57% and a specific surface area of 1.92 m?/g. The particle size dis-
tribution is presented in Fig. 1. The majority of C3S has a size smaller
than 10 pm. The sulfuric acid solution (pH = 1 and 4) was diluted from
the AR sulfuric acid (CAS:7664-93-9). All of the materials were pre-
served at 25 + 1 °C before mixing. The hydration heat test of C3S with
very high solution/solid ratio was operated by mixing 0.1 g C3S with 10
g (100/1) and 20 g (200/1) solutions in the ampere bottle, respectively,
within 30 s before putting them into calorimeter channels. To get
enough solid residue for the XRD test, the parallel experiments were
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Fig. 1. Particle size distribution of C3S powder.
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carried out by using five times as much materials as in the calorimetry
test. One more hydration experiment with a w/c of 600 was performed
to check the dissolution of C3S. All samples were only stirred at the
initial mixing for about 1 min. After hydration for 4 h the solid residues
were obtained by suction filtration and then cleaned with an adequate
volume of isopropanol for three times to stop the hydration. The washed
residues were vacuum dried at 40 °C for 48 h and then preserved in a
sealed tube for XRD analysis.

Further experiments were carried out with a solution to CsS ratio of
0.5 at 25 °C. The solutions include deionized water (TC3S), 0.06 g/mL
KOH solution (KH) and 0.06 g/mL KSO4 solution (KS). The samples
were stirred for 1 min in a glovebox with Ny gas and then cured in the
box before they were taken out to stop hydration. The hydration was
stopped at 0.5 h for SEM analysis. The procedure for stopping the hy-
dration and drying is the same as the high w/c system.

The cubic tricalcium aluminate (C3A) purchased from DMT Materials
Technology Co., Ltd. was used to replace a part of the C3S to make a C3S:
C3A mixture system (90%:10% by weight). The specific surface area of
Cs3A powder is 1.26 m%/g. The hydration experiments of mixture system
with deionized water, KH, and KS were performed with a solution to
solid ratio of 0.5 at 25 °C in a glovebox. It was stopped at 4 h by
immersing the samples into liquid nitrogen and then samples were
quickly moved into a freeze-drying machine at —50 °C and 0.7 Pa for 3
days. The same procedure was used to stop the hydration of a reference
sample (pure C3S with deionized water).

2.2. Methods

The specific surface area of C3A was measured by the same method
applied to C3S in [29]. The XRD of the hydration products was deter-
mined by a Rigaku International Corporation D/max 2550 VB3+/PC
diffractometer (Cu Ka radiation). The measurements were conducted in
the range of 5-45° (20) with a step of 0.05°, a counting time of 1 s/step, a
tube voltage of 40 kV and a current of 100 mA.

The Au-plated hydration particles were detected by a Nova NanoSEM
450 scanning electron microscope. The accelerating voltage and beam
current for the images were 10 kV and 0.5 nA, respectively.

The hydration heat release was tested by the TAM Air Isothermal
Calorimeter from TA Instruments (TAM air C80, Thermometric, Swe-
den). The sample was only stirred within the initials 30 s and then
measure in quiescence.

Thermodynamic modeling was carried out by using the Gibbs free
energy minimization program GEM-Selektor v3.7. The cement database
Cemdata’18 [44] and PSI-GEMS thermodynamic database [45] were
used to simulate the general aqueous, and gaseous species in the pore
solution of C3S with a gradient of pH values.

3. Results
3.1. Hydration of TC3S with high solution to solid ratios

TC3S with an empirical formula of Ca3SiOs (CaySiO4-CaO) has a
molar mass of 228.3 g/mol. a w/c of 100 needs to consume more than 1/
6 of Ca (22.5/131.4 from Table 1) in the solid to achieve a saturation
state (>22.5 mol/L [24,46]) with respect to portlandite at 25 °C. When
the water/solid ratio is up to 200, it needs to consume more than 1/3 of

Table 1
The ideal Ca®>" concentration from a complete dissolving of C3S in a high water/
solid ratio.

w/c (by Volume of Mole of Ca in The ideal Ca concentration
weight) water (mL) solid (mmol) (mmol/L)

100 100 13.14 131.4

200 200 95.7

600 600 21.9
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solid C3S to get this saturated condition. However, the heat flow in
Fig. 2a shows that a high w/c only induces a higher hydration rate at the
main peak, but it has no evident influence on the duration of the IP.
Furthermore, the accumulative heat release in Fig. 2b shows that the
heat release from the start of the IP to the main peak is similar among
samples with the solution to C3S ratio of 100, 200, and 200 (pH = 4).
This value is about half of the heat release at 24 h. It implies that the
dissolution degree of the solid is similar at the end of IP even with a
rather high w/c, so the Ca concentration in the bulk pore solution from
the high w/c is far from equilibrium during IP. 0.05 mmol/L H2SO4
solution (pH = 4) makes the main peak occur earlier, increases the heat
release rate before 6 h, but has few effects on the ending time of the IP.
An increase in the HSO4 concentration up to 0.05 mol/L (pH = 1) alters
the reaction of C3S into one heat release peak without the IP. The high
H™ concentration in solution will bring a neutralization effect which
results in a high heat release at the first peak, because the ionic O in C3S
undergoes a fast electrophilic attack from H* [21]. This also results in a
different precipitation process, which will be further indicated by XRD.

Hydration products at 4 h were detected and presented in Fig. 3. It
shows that gypsum is the main product of CsS reacting with a high
concentration HoSO4 (pH = 1). Most of the C3S has reacted with sulfuric
acid before 4 h. The dissolution of C3S in HoSO4 solution (pH = 1) and
precipitation of gypsum is a consecutive process without the occurrence
of an IP. The w/c has little influences on the precipitation of CH at 4 h,
which time is near the end of the IP. We can observe that the majority of
solid residue is C3S in good crystalline state even for a w/c of 600. A
complete dissolution of C3S with a w/c of 600 can only get 21.9 mmol/L
Ca?* in pore solution (Table 1), which is slightly lower than the satu-
ration concentration (22.5 mmol/L) of portlandite. Moreover, the high
diffraction intensity of C3S indicates that its dissolution rate in such a
high w/c is rather lower than the expected value referring to the
dissolution theory. Apparently, the low Ca concentration in the solution
(less than 21.9 mmol/L) implied an undersaturated state in the IP but it
still resulted in the precipitation of CH (as shown in Fig. 3). This phe-
nomenon can hardly be explained by the theory that the hydration rate
is mainly controlled by dissolution rate with respect to the thermody-
namic state of the bulk pore solution, as discussed in [47].

3.2. Hydration of TC3S with KOH and K2SO4 solution

Many investigations focused on the dissolution of tricalcium/dical-
cium silicate during the early hydration age based on a highly diluted
solution [47-50]. These results could be well illustrated by the disso-
lution theories from geochemistry for silicates or other minerals
[9,10,51], which are not coupled with the precipitation of new phases
during dissolution. However, as mentioned in the previous section, the
dissolution theory regarding the thermodynamic properties of the bulk
solution is not so effective for explaining the hydration with a high w/c.
This section will focus on the coupled nucleation and growth of hydra-
tion products during the IP.

Fig. 4 presents the hydration heat flow of TC3S with deionized water,
KH and KS, respectively. We define the IP as a time interval between the
first and second peaks, during which the first derivative of the heat flow
is between —0.5 mW/(g-h) and 0.5 mW/(g-h). The light was shed on the
period from the starting point to the end of the IP. Comparing with
20 °C, a temperature of 25 °C brings an earlier starting point for samples
with deionized water or KS. The IP starts at about 0.75 h after water
addition except for KH (at about 0.5) at 25 °C, but this time is about 1 h
for all samples at 20 °C. The IP ends up earlier in the hydration of
samples at a higher temperature. This effect is so evident for samples
with KH and KS, decreasing from 1.75 to 0.50 h and 2.28 to 1.15 h,
respectively. KoSO4 has a great increasing effect on the main peak that is
even larger than KOH, but the DIP is still longer than the sample with
KOH. This is similar to the influence from sodium salts [27]. It may be
related to the growth of products, which requires a focus on the early
precipitated phases.
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Fig. 3. XRD patterns of hydration products from samples with a w/c of 0.5, 200, and 600 and a sulfuric acid to TC3S ratio of 200 (pH = 1). The hydration of sample

was stopped at 4 h after water addition by isopropanol exchange.

Fig. 5 shows the surface of TC3S hydrated in deionized water. It
should be noted that the surface was treated with isopropanol, so it is
different from the original hydrating surface. There is no distinguishable
dissolution pit on the surface. However, we can observe many strips
which were called needles in other published studies [27,52,53]. An
enlarged image shows a clearer feature for the strips, and the strips
consist of globule flocs. According to Jennings [54], these globule flocs
with a size about 50 nm are from the packing of globules with a smaller
size of 4-10 nm. From the Gaussian distribution of the measured values,
it shows that the mean diameter of the globule flocs is about 63 nm.

The morphology of hydration products is more reasonable to be
explained by a nonclassical nucleation theory. It is crystallization by
particle attachment (CPA), which means a crystallization process by the
addition of particles, ranging from multi-ion complexes to the fully
formed nanocrystals [55]. In contrast, classical nucleation theory is
crystallization through monomer by monomer addition [56]. As sum-
marized in [55], particle attachment is influenced by the structure of the
solvent and ions at solid-solution interfaces and in confined regions of
the solution between solid surfaces. This nucleation process has been
proven in the nucleation of many minerals, such as gypsum [57], iron
oxyhydroxide nanoparticles [58], CaCO3 [59], and silicates [60]. By
applying this theory, we found that nucleation of C-S-H in the IP firstly

comes with a formation of primary globule flocs (Fig. 5), which may be
formed from polymerization of mono silicic complexes into dimeric
structures [61]. This happens within a confined region between the
surface and solution, because this region has a higher concentration of
ions or complexes compared to the bulk solutions. From this point of
view, the hydration in a highly diluted system is possible to have a
precipitation of CH. Moreover, the dissolution equilibrium during the IP
may build up within the interfacial regions instead of between the solid
and bulk pore solution. Some correlations may exist between the ther-
modynamics of the interfacial region and bulk solution, but it is
ambiguous to connect the hydration kinetic in the IP directly with the
ion concentration in the bulk pore solution when the correlation is not
clearly revealed.

The SEM images of the early hydration products from TC3S with KH
and KS are shown in Fig. 6. The strips on the surface of the sample in the
KH (Fig. 6a) is much thinner than those precipitated in the deionized
water (Fig. 5), and many strips even pack together to form a dense
cluster. This is similar to the morphology of C-S-H precipitated from the
hydration in sodium alkali solution [27,62]. Previous research paid
attention to the needle length without considering the thickness of the
needles that represents the diameters of the primary globule size. The
mean thickness of the strips in KH is about 18 nm. Whereas the strips in
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Fig. 5. SEM image of TC3S hydrated with deionized water. The hydration was stopped at 0.5 h after water addition by isopropanol exchange. An enlarged image was
provided to give a clearer picture of the particles on the surface. The diameter of the globule flocs was counted with the Nano measurer software. The structure of the

globule flocs was illustrated based on Jennings model.

KS have a thickness about 49 nm, and this is much larger than the 3.3. Hydration of TCsS with C3A
products precipitated in the KH. Furthermore, CH on the surface is well
nucleated in large crystal, with some sizes larger than 500 nm. The Fig. 7a shows the heat flow of TC3S with C3A, and Fig. 7b presents the
correlations between the DIP (Fig. 4) and globule floc size will be further comparison of the IP between hydration of TC3S with and without CsA.
The presence of C3A evidently prolongs the starting point of the IP. It

analyzed in the discussion section.
increases this time to 2 h after water addition, which is much longer than
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Fig. 6. SEM images of TC3S hydrated in KOH (a) and K,SO,4 (b) solutions, respectively. The hydration was stopped at 0.5 h after water addition by iso-

propanol exchange.
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Fig. 7. Hydration heat flow of TC3S with the presence of C3A (a). The intervals of IP from TC3S hydrating in solutions with and without C3A (b). Samples were mixed

with a w/c of 0.5 and cured at 25 °C.

the pure C3S. A majority of the previous work hold the opinion that the
prolonged IP came from inhibiting of C3S dissolution [63,64], but the
“Induction period” in their work was from water addition to the end of
the low heat release rate period. Herein, we distinguish the inhibiting
effect from aluminates on dissolution and nucleation. If we replace the
concept of thermodynamic state between the solid and bulk solution
with the state within the interfacial regions near the surface, according
to [52], the sharp decrease in the heat release comes from an increase in
saturation degree within the near surface with respect to C3S dissolution.
The delayed starting point of the IP (shown in Fig. 7b) is due to the
inhibiting effect on dissolution by absorbing Al species on the surface of
CsS. In this period, the pH value is normally lower than 12.6. As hy-
dration proceeds, the pH increases to a value larger than 13; this effect
on dissolution will be eliminated [65,66]. As found in many published
articles, the coverage effect of Al is negligible when pH is higher than
12.5 [67] and even at 10 for Cag g7Al; 29Si04.81 [68]. When it comes to
the start of IP, the pH of the pore solution in C3S with C3A is up to
12.5-13 [63], so the Al in solution have little effect on the dissolution of
C3S during this period. This is consistent with the result that the lowest
heat release rate of C3S with C3A in IP is even higher than that of pure
C3S in IP (Fig. 7a). The ending time of the IP is delayed partially due to

the inhibition of dissolution so the increment in DIP is shorter than the
delayed starting time of the acceleration period, which is similar to the
effect found in [69]. The increase in DIP by C3A is much more effective
in a previous article with a more reactive C3A [63]. It comes from the
inhibiting effect on both dissolution and nucleation.

KH and KS can eliminate the effect from C3A on the IP and even
shorten the DIP. The starting point of the IP from mixture system in KH is
close to that of pure C3S in KH because a high pH from KOH can avoid
the suppression on the dissolution from Al ions. Moreover, the lowest
heat release rate from the sample in KH is much higher than that of other
samples (Figs. 4 and 7a). It implies that the dissolution rate of C3S in KH
is higher than that in other solutions when the nucleation of the hy-
dration products takes over the hydration process. The K* and high pH
in solution accelerate the nucleation, resulting in a reduction of the DIP.
KS also can eliminate the effect from Al due to the reduction of the Al
concentration by the precipitation of ettringite. Although C3A has little
influence on the starting point of C3S in KS, it reduces the DIP. To reveal
this, more attention should be paid to the nucleation and growth of the
hydration products.

Fig. 8 presents the SEM images of TC3S hydrated with deionized
water. The hydration was stopped at 4 h by freeze-drying, which is
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Fig. 8. SEM images of TC3S hydrated in deionized water. The hydration was stopped at 4 h after water addition by freeze-drying. An image with a higher
magnification was provided to give a clear picture of the particles on the surface (II). Nucleation of primary mono-flocs and dimer flocs were detected above or near
the etch pit. C-S-H grows by nearly oriented attachment and block attachment. A layer of portlandite with a thickness of approximately 8-11 nm was detected

between the undissolved surface and globule.

different from the treatment of samples in Fig. 5. The pristine feature of
the surface is better preserved by freeze-drying than isopropanol ex-
change, as we can observe many etch pits on the surface of the particles.
By counting 38 sites, the mean diameter (width) of the etch pits is about
24 nm. The length of C-S-H strips (clusters) is about 117 nm from
counting 48 sites. The second image (Fig. 8II) with a higher magnifi-
cation shows a clear feature of the particle surface. In the local region
above the etch pits or near it, we can observe evidence for the nucleation
of a primary mono floc (0), formation of a dimer floc (1), a single strip
from the nearly oriented attachment (2) and the clusters from a strip
attachment (3) or the single particle attaching to strips. This further
proves that the precipitation of C-S-H starts from the nucleation of pri-
mary mono flocs that are poorly crystalline nanoparticles or colloidal,
like the crystallization process of some other polymers or minerals
[55,70]. The mono floc seems to be the intermediate C-S-H phase during
the precipitation process as highlighted in the previous investigations
[71,72]. Because it is thermodynamically metastable, it will aggregate
into strips by the oriented attachment in a local region. With the
increasing nucleation of mono floc and strips, the mono floc can also
attach to the strip. Meanwhile, the strips may attach to each other to
form a more stable cluster (block).

A linear gray level distribution in Fig. 8a-e indicates that a special
layer exists between the precipitated C-S-H and undissolved surface.
According to some experimental research on the dissolution of p-CyS
[73], there is an accumulation of Ca in the etch pit. This phenomenon
may also occur in hydration of C3S, so this layer would be portlandite
that precipitates from the Ca ions absorbed on the colloidal surface in
solution. A CH rim with a micron thickness was also detected between
the hydration products and unhydrated mineral at 1 day [74]. In SEM
images, the thickness of this layer is approximately 8-11 nm. Since the
primary globule floc is the attachment of colloid [55,70], the double
layer thickness of colloid may have some correlations with the precipi-
tated layer. According to [75], the typical double-layer thickness of
colloid at varying concentration can be estimated by:

> ]‘ﬂ2 Z CiZi
= €,.6oRT M
where the reciprocal of k is called the Debye length (namely, the double-
layer thickness), F is Faraday’s constant, R is the gas constant, T is the
temperature in Kelvin, and &, and g are the relative permittivity and
permittivity in a vacuum, respectively. c; and z; are the concentration
and charge number of ions in solution, respectively. During early hy-
dration of C3S with deionized water, the main ions in the solution is Ca®*
and OH™ whose concentration is approximately 25 and 36 mmol/L
respectively [76]. Under this molarity and with e, = 78.5 (water) at 298
K, we can get a value of 2.07 nm for Debye length. It is smaller than the
thickness of the layer in Fig. 8II. Given that both the surface of dissolved
C3S and nucleated C-S-H are colloidal structure, the stable distance be-
tween these two colloids is about 8-14 nm under the condition when the
colloids have a charged surface (10-100 mV) in a solution with ion
concentration in range of 10-100 mmol/L [77]. Because we did not stir
the paste after the initial mixing, the layer between the strip and
unhydrated CsS probably precipitates by a quick accumulation of Ca
ions between two colloidal surfaces during a sudden freeze drying.

Fig. 9 presents the surface of C3S hydrated at 4 h in the presence of
CsA. Etch pits were also detected on the surface (Fig. 9al). The mean
diameter of etch pits is about 28 nm, which is a little larger than that of
pure CsS in Fig. 8. Learning from the dissolution theory regarding the
saturation state of bulk solution [78], the low reaction plateau (low heat
release in Fig. 5a before 4 h) is controlled by the step retreat. However,

the presence of etch pits in both Fig. 8 (pure C3S) and Fig. 9a (C3S with
C3A) indicates that this period is indeed controlled by the etch pit
opening. In the IP, the transition happens from the step retreat to
dislocation control (etch pit opening). To reveal the difference between
the dissolution of C3S with and without C3A, we performed a further
analysis based on the dissolution rate determining equation in [78].

A= SDlia(sD)|
|Ra| = 1+ As|In(SI) | 2
Q
Sl = — 3
Ko 3

where A; and A, can be considered constants in this situation. Ry is the
dissolution rate controlled by the etch pit opening. SI is the saturation
index, Q is the ion product, and Ky, is the ion-product equilibrium
constant. Based on Eq. (2), we can conclude that the dissolution rate of
same C3S particles with similar distribution of etch pit only relates to the
saturation index of the solution. However, the previous articles [63,69]
indicated that no significant difference was found between the main ions
concentration in the pore solution of C3S with and without C3A under
the IP. Hence, the big difference in heat flow at 4 h (Fig. 7a) can hardly
be explained by rate controlling from the different dissolution rate of
CsS.

The nucleation and growth of the hydration products on the particle
surface gives a reasonable explanation for the much lower heat release
rate at 4 h. Fig. 9a2 shows that the needle length of C-S-H in the mixture
system is about 94 nm, which is much shorter than this (116 nm) in pure
C3S. The diameters of the globule floc from CsS with C3A are even
smaller than pure C3S. Al ions in the solution induce the nucleation of
the primary globule in a smaller size, but it suppresses the growth of
strips from the attachment of primary particles. KH and KS can eliminate
this inhibiting effect. The growth of C-S-H in KH and KS was much faster
than it in deionized water, so the surface was covered by the hydration
products as shown in Fig. 9b and c. The aluminates phase (stratinglite or
ettringite) is hardly detected under SEM image. A comparison of the
globule size in Fig. 9d shows that KH and KS can decease the globule floc
size to about 20 nm. It is worth noting that the presence of C3A almost
erased the difference between the effect from KH and KS on the floc size,
which is found in pure C3S hydration (Fig. 6). With this observation, it is
obvious that the long DIP from pure C3S with KS (Fig. 6b) is due to the
nucleation of larger primary globule compared to KH. C3A can weaken
the effect from KS on the nucleation of globules, so it reduces the DIP of
mixture system compared to the pure CsS in KS (Fig. 7b).

4. Discussion
4.1. Ion species in the pore solution with respect to pH

The hydration of C3S is a complex reaction process during which the
dissolution of C3S involves the precipitation of C-S-H and CH. The dif-
ference between the hydration evolution shown in Figs. 2 and 3 in-
dicates that the pH impacts the precipitated phase in the products. The
pH will greatly affect the ion species of Ca [79] as well as Si [80] in the
solution. Fig. 10 presents the ion species in the pore solution of pure C3S.
Ca?* decreases as the pH increases from 8 to 13.5 (Fig. 10a). In the
meantime, CaOH"™ shows a sharp increase of about five orders of
magnitude. The increasing pH makes Ca?" transform into CaOH™, Ca
(H3Si04) ", and Ca(H3SiO4)OH when the value is lower than 10.3, but Ca
(H3Si04)" decreases dramatically after this critical value. The change in
Si species in the solution is much more complex and the evolution of
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Fig. 9. SEM images of TC3S hydrated with deionized water (a), KOH solution (b), and K2SO4 solution (c) in the presence of C3A. The hydration was stopped at 4 h
after water addition by freeze-drying. The diameter of the etch pit (al) and needle length (a2) were counted for samples in deionized water. The diameter of the
globule floc is summarized in d.
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Fig. 10. Ca ion species (a) and Si ion species (b) in solution at different pH level from C3S hydrated with deionized water (the results were simulated by GEMS,
assuming it is without precipitation). The scatter data point is from reference [82] (the sphere is from the IP and the square is from the acceleration period). The c1 to

c3 processes present the possible pathway to form the primary C-S-H structure.

some species in Fig. 10b is similar to the results in [80]. Because the pore
solution of C3S hydration is normally high alkaline (pH > 11), the
thermodynamically stable species is comprised of Ca(H3SiO4)OH, Ca
(H3Si04)*, H3Si04~, and HySiO42". The experimentally tested Si con-
centration in the pore solution during the IP is about 30 pmol/L at 25 °C
[24,69,76]. As shown in Fig. 10b, the tested value is close to the con-
centration of Ca(H3Si04)", and it decreases with the increase in pH.
Many previous papers showed that the Si concentration has a decreasing
trend as hydration proceeds before the end of the IP [24,69,76,81]. It
may come from the decrease of Ca(H3Si0,4) " caused by an increase of pH
during this period. The spherical dot data from [82] fits well with the
simulation results. The square scatters in Fig. 10a are data from the
acceleration period, which may imply a different equilibrium state be-
tween the stable C-S-H and solution instead of the unhydrated C3S sur-
face and solution. If we focus on the reaction of C3S at low pH, SiO.@
(H4Si04) dominates in the solution when the pH is lower than 8. Ac-
cording to [83], neither Ca®" nor CaOH™ can react with H4Si04 from the
thermodynamic aspect. Therefore, in the reaction of C3S with HySO4
(pH = 1), Ca ions will precipitate into CaSO4 (see in Fig. 2) and the
H4Si04 species precipitate as amorphous SiO2 [84].

As Taylor highlighted in [85], a preliminary Ca—O layer must be
formed as a basis before the polymerization of SiO4 into SizO;.
Fig. 10c1-3 illustrates the possible pathways for the formation of the
primary C-S-H structure, and the reaction processes are summarized in
Table 2. The possible polymerization process refers to the typical geo-
polymerisation of silicate [86]. The results from simulation based on
density functional theory imply that the interaction between CaOH™ and
H,Si042~ are the most favorable reaction in solution of pure CsS [83].

10

Table 2
The possible reaction pathways for the C-S-H precipitation from the ionic
complex in pure C3S hydration.

Process  Reaction (use abbreviation from GEMS) Bridge
oxygen

cl 2Ca(HSi03) — Cap(HSiO3), + 2H,0 (left) 0
Ca(HSiO3) " + Si032~ 4+ CaOH" — Cay(HSiO3); + HyO 0
(right)

c2 (Preliminary complex structure) Caz,(HSiO3)2n + 2
Cay(HSi03)2 — Cagy2(HSi03)2y-Si20s + 2H,0
nCay(HSiO3); — Cay,Sis,Os, + nH0O n

c3 Capy(HSiO3)on + Ca(HSi03) — CaznHon1Sion106n.4-Si20s 1
+ Ca(OH),
Cagn(HSiO3)2 4 Si0s?~ + Ca®" — Cagnyq HanSizn.106n-2- 1
Si,05

This is consistent with the thermodynamic simulation results by GEMS.
Moreover, the interaction between Si species with AI(OH)4~ or Na™ is
highly possible as well, so the presence of these ions in solution will
change the nucleation and growth of hydration products. Given that the
c1 process is to build a good Ca—O layer basis for C-S-H, the Ca(H3Si0O4)
OH species is critical for its nucleation and growth of it. As shown in
Fig. 10b, a pH larger than 10.8 is a prerequisite to get enough Ca
(H3Si04)OH species for a well-layered structure. This is consistent with
XRD results from [87,88] in which C-S-H precipitated from pH less than
10.8 has few layer diffraction but the layer structure is evident for C-S-H
precipitated from pH higher than that value. After a series of c1-3 re-
actions, the silanol exposed to the solution may deprotonate to form a
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negative surface. As presented in [79], the Ca(H20)62+ and Ca
(H20)s(OH)* will be absorbed on the negative silanol site for the next
step reaction.

4.2. Hydration of C3S up to the end of the IP

After C3S is mixed with the solutions, the reaction of C3S starts with a
superficial dissolution and is followed by nucleation and growth of the
products in local regions near the surface. The near surface thermody-
namic state can be classified into 5 regimes as shown in Fig. 11.

4.2.1. Stage I fast dissolution

This is the initial stage after minerals contact with water. This stage
has a high superficial undersaturation state for the dissolution of CsS, so
it has an ultra-fast dissolution rate. It results in a high heat release peak
in the calorimetry test (see Figs. 4 and 7 before 30 min). According to the
transition state theory [89,90], since the initial stage is far from equi-
librium, the dissolution rate is only correlated to two terms: the con-
centration of the activated complex and the frequency of these
complexes cross the energy barrier. It can be expressed by Eq. (4) [91],
where R4 denotes the dissolution rate, R™ is the forward reaction rate, k
stands for a rate constant and the concentration of the activated species
is presented as [AB*]. AB* is the interfacial complexes exposed to the
solution which include >$i0~, >SiOH,", >SiOH, and >CaOH™ for C3S
due to the moisture in air [61]. Each complex has its own reaction rate
constant, so the number of selective sites where the most active complex
stay has a great impact on the initial dissolution rate of the minerals.

4

It is obvious that ionic O and Ca have the quickest dissolution rate
[66,92]. The dissolution starts with a hydrolysis of ionic O and Ca to
form OH™, Ca*" in solution, and CaOH™ attached on the surface
(Fig. 11). Consequently, the pH and Ca®" in the bulk solution increase

R, = R" = k[AB')

Cement and Concrete Research 152 (2022) 106688

evidently. Some ion species, like Al, in solution may absorb on the active
sites to suppress the dissolution at a certain pH range (<12.5) [67].
Under this situation, the time to reach stage II and III will be delayed as
shown in Fig. 7a.

4.2.2. Stage II: approaching dissolution equilibrium

As the quick initial dissolution proceeds, the increased pH and ion
species in the solution augments the reverse reaction of the dissolution
process. Under this condition, the thermodynamic state of the near
surface region needs to be taken into account. Hence, the effective
dissolution rate should be expressed by Eq. (5).
R, =R* (1 - ﬁ) (5)
where R is the forward reaction rate in Eq. (4), AG is the Gibbs free
energy difference between reactants and products, R represents the gas
constant, and T is the absolute temperature. The local thermodynamic
state may be close to the bulk solution when the liquid to solid ratio is as
high as 10,000 or 50,000 [47]; thus, the dissolution rate has a good
correlation with the thermodynamic state of the bulk solution. This is
because such a high ratio induces the initial pH of the solution to be
much lower than 11. H3SiO4~, H4SiO4 and Ca®* dominate the ion spe-
cies in solution, and most of them will have good mobility into the bulk
solution so it can be detected by ICP-OES. When it comes to the actual
hydration with a low liquid to solid ratio (<10), the thermodynamic
state of the bulk solution is different from the near surface region as we
discussed in Section 3.1. Distribution of the ion species can also help to
understand the argument about the congruency of dissolution during
hydration. The Ca/Si in the pore solution depends on the liquid to solid
ratio [93]. When pure C3S or cement hydrates with a normal water/solid
ratio, the typical Ca/Si ratio from the bulk pore solution during the IP is
approximately 833 (25 mmol/30 pmol shown in Fig. 10), referring to the
results from ICP-OES [24,23,69,76,82]. However, the Ca/Si ratio in the
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Fig. 11. Illustration of the hypothesis for hydration of C3S up to the end of the low rate period. The ion species in black are ions far from the double layer with high
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solution is close to 3 when water/solid ratio is very high [47]. This
implies that the vast of number of Si ions on the surface can hardly move
into the bulk solution whose pH is initially high due to the quick
dissolution of ionic O and Ca in a limited content of water. Accumulation
of Ca(H3SiO4)OH on the selectively dissolved sites attracts cations (Ca%*
and CaOH™) to form a cation layer. That is supported by the high pos-
itive zeta potential of hydrated CsS and cement particles during the IP
[94,95]. It may result in the formation of a locally concentrated region
near the dissolution sites as shown in Fig. 11. The high local concen-
tration of Si and Ca ions will build a near surface equilibrium with
respect to dissolution even at a high water/solid ratio. Because it is a
local equilibrium instead of a bulk equilibrium, the IP under a high w/c
dissolution (100 or 200) will emerge at a similar time as under a normal
w/c (0.5) (Fig. 2).

4.2.3. Stage III: new surface equilibrium

After a certain degree of dissolution, the near region comes to an
equilibrium state with respect to dissolution of C3S under static condi-
tion (without strong stirring). In the meantime, the high local concen-
tration of Si and CaOH" ions will create an oversaturated state with
respect to precipitation of primary C-S-H globules or CH. During the
dissolution of minerals that is not involved with precipitation of new
phases, it normally shows a low rate plateau in this period due to the
step retreat [79]. Its low reaction plateau is controlled by the step
retreat. However, the etch pit opening (see in Figs. 8 and 9) is the main
dissolution process during the hydration of C3S with the precipitation
process in the IP (Fig. 7 at 4 h). The reaction rate in this period is
controlled by the nucleation rate in the next stage instead of dissolution.
Stage III and IV are two nearly concurrent stages during the hydration of
TC3S with water. However, the occurrence time of these two stages may
be changed by the addition of admixtures.

4.2.4. Stage IV: surface nucleation

The primary C-S-H globules start to nucleate on the surface. The
chemical structure of the globules could be with a Ca/Si ratio of 1.5, 2.0
[79], or even higher value because the deprotonation of silanol needs
cations to neutralize the charge. The globule in solution will agglom-
erate into globule floc that is a colloidal structure as illustrated in Fig. 11
and shown in Figs. 8 and 9 in SEM image. The initial nucleation of the
globule floc can be considered a classical nucleation process. The surface
nucleation rate is given by [96-98]:

J = J,e A0lkT (6)
where J is the steady-state surface nucleation rate (number of nucleation
events per surface area per second), AG; denotes the thermodynamic
barrier to form a critically sized molecular cluster, and k represents the
Boltzmann constant. J,, is a pre-exponential factor that can be considered
a kinetic constant. The thermodynamic barrier is given with Eq. (7) by
assuming a spherical nucleus:

471751 Yerir2

AGcrU = 3

@)
where yg denotes the surface energy and r;; is the critical radius of the
nuclei. A certain number of nuclei should be formed to achieve a high
enough probability of attachment between the primary nuclei. During
the hydration of CsS we can assume that the required density of nuclei
for C-S-H growth by attachment is n. The DIP of nucleation can be
expressed as:

N AGeri

lind = ; = ZE? (8)
A combination of Egs. (7) and (8) results in Eq. (9),
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The DIP is from the end of stage II to IV. Fig. 12 shows a curve fitting
between the duration of the induction period from hydration heat flow
(Figs. 4 and 7) and the radius of globule flocs from SEM images (Figs. 5-6
and 8-9). The DIP has a good correlation with the globule size, especially
in pure C3S hydration stopped at 30 min with solvent exchange. The
globule size of the hydration products stopped by freeze drying is much
smaller than the products from solvent exchange, so the slope of the two
fitted lines are significantly different. The triangle in Fig. 12 for pure C3S
deviates from the sample with C3A, which implies the presence of Al will
affect the kinetic of C-S-H nucleation.

4.2.5. Stage V: attachment to growth

This stage is dominated by growth of C-S-H through particle
attachment, and the attachment of C-S-H is a colloidal assembly process
similar to the other minerals [70]. The attachment happens on a selec-
tive orientation, so the morphology of C-S-H is strip like. It greatly
consumes the Si and Ca ion species in the local region to reduce the near
surface saturation state. Therefore, the dissolution of unreacted C3S will
have a sharp increase simultaneously. A growing number of attachment
sites from pre-nucleated C-S-H increases the probability of later
attachment, and this leads to an exponential increase in the hydration
rate, resulting in an acceleration period.

The different stages may mix with each other during the hydration.
The dashed line in Fig. 11 just represents the transition of the predom-
inant reaction. For instance, the range with a red arrow noted with a “V”
means that stage V dominates at this stage, but it is accompanied with all
the other reactions happening at the same time.

4.3. Interpretation of factors affecting the DIP

The natural feature of raw materials has an impact on the DIP. C3S
with different particle sizes, polymorphisms and annealing treatments
have the discrete density of defects on the surface. The defects have little
effect on the time for the solution to reach a saturated state with respect
to dissolution in the near surface zone. The doping may influence the
dissolution rate at the initial water contacting, but the saturated state
comes within a few minutes or even seconds after the C3S contacts with
water [47]. Afterwards the near surface layer will go into a new equi-
librium condition with respect to precipitation of products, so the
nucleation and growth of products take over the reaction process. Since
the nucleation will preferentially start at the impurity site, the surface
point defects or steps [99], these sites on the minerals surface accelerates
the nucleation of primary flocks. These sites correspond to the etch pit or
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Fig. 12. The linear fitting data between In (tj,q) and rcmz based on Eq. (9).
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region near it during hydration of C3S (see nucleation site in Fig. 7). The
slower dissolution rate also results in a lower number of nucleation sites
thus reducing the nucleation rate of primary C-S-H. A lower etch pit
density elevates the time for stage IIl and IV to reach a sufficient density
of primary particles for further particle attachment.

The pH value is a critical parameter to control the DIP. A high pH
(>13) will facilitate the precipitation of C-S-H at a low Ca and Si con-
centrations, so the hydration may directly come into stage V from some
point at stage II. C-S-H grows in a condition where the dissolution of C3S
is still at a relatively high rate, so the heat release at the inflection point
is much higher than the control sample, as shown in Fig. 4. A sufficiently
high alkalinity even eliminates the IP [36]. It implies that hydration
starts from stage I and goes straight to stage V. Some soluble inorganic
salts [32] or nano seeds [31,33,34] can shorten the duration of stage III
and IV, because they have an enhancing effect on the nucleation of
primary globule flocs. While some soluble inorganic salts (CuCly, CuSOs4,
Pb(NO3),) have an incremental effect on the DIP [17,26] because the
metallic hydroxides from these salts will precipitate under a much lower
pH than portlandite, these salts consume hydroxides and keep a rela-
tively lower alkalinity in solution to slow down the nucleation of pri-
mary C-S-H (stage IV) and portlandite. Al ions have an inhibiting effect
on the dissolution of C3S, but this effect just shows in the first peak,
corresponding to a delay in the transition from stage II to III, as shown in
Fig. 7a. Al ions change the kinetic of nucleation of C-S-H primary
globules as well. The longer DIP induced by Al ions is mainly due to its
suppression on the growth of C-S-H.

Fig. 13 demonstrates that the Ca/Si ratio measured from the pore
solutions is far from the stoichiometric ratio with 3 in solid. Some or-
ganics increase the solubility of C-S-H and it is so evident on the Ca*"
concentration. This makes the solubility of C-S-H closer to and even
higher than the equilibrium line of C3S hydration. Hexitols or some
other organics enforce prolonging effects on the IP but increase the Si
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Fig. 13. Concentrations of silicon and calcium ions from the pore solution. The
equilibrium lines of C3S with C-S-H, CSH I and Ca(OH), are adopted from
[101]. Scatter data are from the pore solution of Portland cement during the IP
[102], solution of C3S [43]/white cement [38] with hexitols and C-S-H with the
addition of organics [103]. Arrows point at the data dots from the control
samples in the corresponding literature.
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concentration in the bulk pore solution. The data dots for C3S or white
cement with retarding admixtures are higher than for the control sam-
ple, even being located on the upper part of the normal dissolution line
(C3S with C-S-H). The interaction between organic admixtures with Si
ions will release more ions from the near region into the bulk solution, so
the measured Si value was higher than the pure system. It modifies the
double layer and will reduce the concentration of Si and Ca in the near
surface region. This means that the precipitation of primary C-S-H on the
surface with these admixtures requires a higher supersaturation state
than in a solution without admixtures. When the dissolution of C3S
comes to stage I, the saturation state regarding precipitation in the near
surface zone with the retarding organics is much lower than that in the
plain system. Therefore, it has a lower nucleation rate at the end of stage
IT and requires a longer time to achieve a critical density of primary floc.
Moreover, some organics will stabilize the primary flock, such as PCE
[100]. It will hinder the attachment between primary particles, and
consequently, the transition from stage IV to V will be prolonged.

4.4. Limitations and perspective for further investigation

The dissolving surface and precipitated products are analyzed based
on the SEM images of the treated samples instead of in-situ measure-
ment. Therefore, the hypothesis is proposed based on the assumptions:
Firstly, the solvent exchange treatment by isopropanol has the same
effect on the precipitated products of samples hydrating in different
solutions; Secondly, the freeze-dry method preserves the pristine feature
of the particles surface and the plating of Au has few effects on the sizes
and number of etch pit.

The chemical composition of the layer structure between C-S-H and
the unhdyrated surface (Fig. 8) needs some direct evidence from the
advanced equipment (such as HR-TEM [57]) with high resolution. The
previous papers [69,76] concluded that the bulk pore solution reached
an oversaturated state regarding the C-S-H during IP, so it implied a
potential nucleation in the bulk solution. Although the nucleation on the
surface defects or steps may be preferential, how does the homogeneous
nucleation in pore solution contribute to the hydration process is lack of
consideration in this hypothesis. It is better to include the homogenous
nucleation model from [104] in the further investigation to complete the
theory. The evidence for the nucleation of primary globules can hardly
be detected under the SEM images, which may be due to the resolution
limitations or the metastable state of it. According to the models from
[54,104,105], the size of globule is about 3-4 nm, but we can only
observe globule floc whose size is larger than 20 nm under SEM. We
assumed that “n” is the sufficient density for the attachment of flocs to
take over the hydration process. The investigation on determining this
value is critical to prove this hypothesis.

5. Conclusions

The hydration of C3S with a very high w/c is difficult to be explained
by the dissolution theory with only with focus on the thermodynamic
state of the bulk pore solution, because the dissolved percentage of C3S
detected from calorimetry and XRD test presents little differences be-
tween low (0.5) and high (200, 600) w/c. Therefore, more attentions
should be paid to the nucleation of hydration products within the
interfacial zone of the solid and solution.

From SEM images, the dissolution etch pit can be observed on the
surface of C3S particles whose hydration was stopped by free-drying
near the end of IP. Al almost has no influence on the size of etch pit
on C3S at the end of IP. C-S-H precipitates on the etch pit or in region
close to it. A nonclassical nucleation theory is better to explain the
precipitation process of C-S-H during IP. It starts with nucleation of
primary particles and then is followed by the growth from particle
attachment. The attachment of C-S-H globule floc is a colloidal assembly
process. A layer between the C-S-H floc and C3S surface was detected,
which probably is the precipitation of CH between the two colloidal
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surfaces.

The increase in the heat release rate at the end of IP comes from the
accelerating growth rate of C-S-H instead of dissolution of the etch pit.
KOH and K3SO4 have an impact on the primary globule size and growth
of strip C-S-H so that they change the DIP. Al ion inhibits the dissolution
of C3S at a very early age before the start of IP, and it also suppresses the
growth of C-S-H to increase the DIP. The pH affects the Si and Ca ion
species in the pore solution, which impacts both the dissolution of C3S
and the nucleation of primary particles.

Based on the dissolution and CPA theory, we suggest five stages in
the early hydration process by focusing on the nucleation and growth of
C-S-H within the local region, that is, Stage I: Fast dissolution, Stage II:
Approaching dissolution equilibrium, Stage III: New surface equilib-
rium, Stage IV: Surface nucleation, and Stage V: Attachment to growth.
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