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The early age-hydration of tricalcium silicate, the main chemical compound in Portland cement, was
studied in the presence of synthetic calcium silicate hydrate (C—S—H) addition having C/S ratios = 0.8
and 1.2. Isothermal conduction calorimetry, scanning electron microscopy, differential scanning
calorimetry and *Si MAS NMR were employed in order to investigate events occurring during various
stages of the hydration. The results that were analyzed using novel methods in cement chemistry
showed that the addition of seeds of synthetic C—S—H significantly accelerated the hydration of C;S.
The extent of the acceleration was dependant on the amount and chemical composition of the C-S-H
seeds. It was suggested that the synthetic C-S—H significantly increased the rate and degree of
dissolution of the C;S particles. It was also found that the nucleation and silicate polymerization of the
C-S—H that formed during the hydration of the C;S phase was promoted. Direct evidence of the
seeding effect was provided. The properties of the resulting C—S—H hydration products seemed to be
dependant on the lime-to-silica ratio of the synthetic C—-S—H. It was suggested that the silicate
polymerization and chemical composition of the hydration products of silicate phases may be
manipulated through C-S-H seeding. As the chemical and mechanical properties of C-S—H are largely
controlled by its C/S ratio, this method should provide a unique tool for tailoring the nanostructure

of the hydration products of Portland cement through the addition of selective C-S—H seeds for

optimum engineering and durability performance.

1. Introduction

Tricalcium silicate (C5ST) is arguably the most important clinker
phase in Portland cement.! Its hydration greatly influences the
setting and hardening of the cement paste. The main product of
the reaction of C;S with water is calcium silicate hydrate
(C-S-H), a nearly amorphous material, which primarily
contributes to the strength and volume stability in cement-based
materials.> Numerous studies have been conducted to under-
stand various steps and mechanisms in the hydration of C;3S.%?
These mainly include the application of conduction calorimetry,
thermogravimetric analysis, quantitative X-ray diffraction and
nuclear magnetic resonance spectroscopy.* It is known that as
soon as the Cs3S comes into contact with water a significant
amount of heat is generated due to the dissolution of species such
as Ca?" and OH™ ions in the aqueous phase.>® This stage is called
the pre-induction period. During the next few hours (dormant or
induction period) the rate of hydration is negligible. This period
is followed by an acceleration in the hydration process. The heat
of hydration diminishes after about ten hours during the decel-
eration stage. There are several hypotheses for the mechanisms
responsible for these stages,>” that can be employed to describe
the hydration of CsS systems in various environments. The
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hydration kinetics of C;S can be altered through the addition of
various chemicals. The occurrence and duration of the hydration
stages can be readily tailored by controlling the type and amount
of these admixtures and additives. Calcium chloride, for
example, accelerates the hydration process, shortening the
dormant period and generating more heat at a higher rate during
the acceleratory stage.® Fine minerals such as calcium carbonate
may act as nucleation sites for the formation and growth of the
C-S—H, essentially promoting the hydration of C3S.® The extent
of nucleation and acceleration often depends on the surface area
of the fine particles added.®!® In most cases, however, it is not
very clear if there is any chemical interaction between these
additives and the hydration products.

Analogous to the nucleation and growth of crystals in nature,
pre-formed calcium-silicate-hydrate may promote the develop-
ment of the C-S-H produced from the hydration of silicate
phases in cement. Several studies have shown that the addition of
silicate hydrates (including the pre-formed C-S-H) accelerates
the formation of C-S—-H produced in the hydration of C5S**** or
Portland cement'®'¢ as evidenced mainly by conduction calo-
rimetry results. The mechanical and durability characteristics of
the hydrated cement system may also be improved through this
method.’ !¢ The term “seeding” is often used for the modifica-
tion of the hydration process using pre-hydrated silicates.
Dehydration of C-S—H prior to use as a seeding agent reduces its
acceleration effect.''* The mechanism of hydration and nucle-
ation in these studies has not been fully investigated, as analytical
techniques other than the conduction calorimetry were not
employed for examining the early age hydration products.

This journal is © The Royal Society of Chemistry 2009

J. Mater. Chem., 2009, 19, 7937-7946 | 7937



Moreover, nearly amorphous C—S—H materials were often used,
the stoichiometry of which was not discussed in relation to the
hydration process. The discrepancies in the extent of hydration
acceleration observed between previous seeding studies are likely
due to the difference in the chemical composition and physical
properties of the C—S—H materials used as seeds.

In the current study, the hydration of tricalcium silicate in the
presence of synthetic C—S—H addition (C/S ratios = 0.8 and 1.2)
was investigated at early ages. In addition to isothermal
conduction calorimetry, experimental methods such as differ-
ential scanning calorimetry, scanning electron microscopy and
quantitative 2Si MAS NMR were employed in order to examine
the hydration products and understand pertinent mechanisms
controlling various stages of the hydration of C;S and C3S-C-S-H
systems. Unlike the previous C-S-H seeding studies,'**¢ the
influence of the stoichiometry of the seed particles on the nature
of the C—S—H product was investigated in the current research.
The ?Si MAS NMR measurements and the isothermal conduc-
tion calorimetry results were analyzed using quantitative NMR
and derivative conduction calorimetry methods that are novel in
cement research. The NMR analysis is described in this paper,
while the calorimetric approach has been presented elsewhere.!”

2. Method

The C;S clinker was obtained from the CTL Group (Skokie, IL).
It was calcined at 900 °C for 24 h in order to remove any
carbonate impurities, ground in a ball mill using isopropanol,
dried under vacuum and stored in a vacuum desiccator until
used. The C3S powder had a nitrogen BET surface area of about
2.4 m? g '. Synthetic C-S-H (C/S ratios= 0.8 and 1.2) was
prepared using the stoichiometric amounts of CaO and SiO,.'®
These representative stoichiometries were selected from the
category of C—S-H(I) (having C/S < 1.5)? based on the chemical
and physical differences observed for two types of C-S-H
obtained above and below a C/S ratio of about 1.1.72° Lime was
produced from the calcination of reagent grade CaCOs; (Sig-
ma-Aldrich). Silica (Cab-O-Sil type M-5) was obtained from
Cabot Corporation (Billerica, MA). The reactants were first dry
mixed in high-density polyethylene bottles. De-aired distilled
water was added to the mixture (water/solid = 10) and the
reaction continued for 6 months at room temperature after
placing the bottles on the rotating racks (at 16 rpm). The product
was filtered, dried under vacuum for 4 days and stored in
nitrogen purged glass vials before use. The C-S-H seeds
produced through this method had X-ray reflections similar to
that reported for the C-S—-H(I).? The nitrogen BET surface area
of the C-S—H was 186 and 30 m? g~! for the C/S ratios = 0.8 and
1.2, respectively. Other characteristics such as basal spacing
(doo2), degree of silicate polymerization and density are also
affected by the C/S ratio of the C-S-H. The typical morphology
of the C-S—H materials is shown in Fig. 1. Quantities of each
C-S-H were added to the C3S to produce samples for experi-
mental investigations. Pure C3;S was also retained for use as
a control.

Six test samples of 4 grams of C3S with 5, 10 and 20% additions
of each C-S-H material and a seventh control sample of 4 grams
of pure C;S were prepared for isothermal conduction calorim-
etry. Water (Accusolv, Anachemia Inc.) was added to the dry

Fig. 1 The morphology of the synthetic C-S-H (a: C/S = 0.8, b: C/S =
1.2) used as seeding agents during the hydration of C3S. The white scale
bar indicates 1 pm. (40 K magnification).

mix in plastic vials at a w/CsS ratio = 0.8 and mixed outside the
calorimeter for 30 s using a micro spatula. The 0.8 w/C;S ratio
was used in order to obtain the desirable workability for mixing
the samples especially when a high proportion of C-S-H was
added.

Each plastic vial was placed in the calorimeter 30 s after
mixing. The heat of the hydration of the cement systems (C3S and
C3;S-C-S-H) was immediately monitored in a Tam Air
Isothermal Calorimeter (model 3114, Thermometric AB). Glass
beads (3 mm diameter, having equal heat capacity to each
sample) were used in the reference channels of the instrument.
Data for the heat evolution was recorded (typical uncertainty =
+0.002 mW g') at 30-second intervals at a constant temperature
of 24 °C. The heat capacity of the synthetic C-S—-H was assumed
to be about 1.3 J g~! K~'in the calculations. This is a low average
value obtained from the literature®! since the C—S—H seeds were
relatively dry as they were subjected to vacuum for 4 days prior
to use. The accurate determination of this value is very difficult
for hydrated cement systems where the state of water is not very
clear. The choice of the heat capacity may slightly affect the
absolute values of the heat of hydration, but it does not change
the location and relative intensity of the peaks. A derivative
analysis was performed on the isothermal conduction calorim-
etry data in order to better identify the subtle changes in the rate
of heat development that might be associated with different
hydration phenomena.

Samples of C;S having 20% C-S-H addition were used for
DSC investigation, SEM analysis and NMR measurements. The
high addition percentage was used in order to augment the effects
of the hydration mechanisms involved and to better detect minor
changes in the samples during the hydration. A small sample was
taken from these specimens at various hydration times (marked
in Fig. 2). These samples were first immersed in excess iso-
propanol for 24 h in order to stop the hydration process and then
dried under vacuum for another 24 h. This procedure has been
successfully used in SEM studies of the hydration of cement and
tricalcium silicate although it may slightly affect the morphology
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of the hydration products.?> The dried samples were kept in
a vacuum desiccator until examined.

Differential scanning calorimetry (DSC) was conducted on the
samples obtained at various hydration times using a TA
Instruments SDT Q-600. About 10 mg of the sample was heated
from ambient to 1050 °C at a rate of 10 °C min~' under the flow
of nitrogen gas (10 mL min~"). The heat flow was analyzed using
Universal Analysis 2000 software.

Scanning electron micrographs were acquired from the
uncoated specimens using a Hitachi S-4800 field emission gun
SEM instrument. An accelerating voltage of 1.2 KV and an
emission current of 4 pA were applied at a working distance of
about 3 mm in order to obtain images having greater resolution
and more details than those that are possible at higher acceler-
ating voltages.?

The *Si MAS NMR measurements were carried out on
a Bruker Avance 200 instrument (magnetic field of 4.7 T and *°Si
Larmor frequency of 39.75 MHz) using a BL7 double resonance
MAS probe and 7 mm ZrO, spinners. All NMR measurements
were performed at room temperature at the spinning speed of
5000 Hz. The spectra were acquired in a Bloch decay mode
(*Si /2 pulse of 4 us) with a high power composite pulse proton
decoupling. The delay between the scans was set at 60 s. This was
sufficient for complete relaxation of all the signals and quanti-
tative measurements. Between 1000 and 1500 scans were
commonly acquired in order to obtain a sufficiently high signal-
to-noise ratio. Fitting and deconvolution/integration of the
spectra were performed using the DMFit simulation program.>*
In quantitative measurements the absolute intensity in the
spectra was normalized to the total number of scans acquired.
The signal of tetrakis(trimethylsilyl)silane was used as the
external reference (—9.9 ppm relative to TMS).

3. Results and discussion
3.1. Isothermal conduction calorimetry

One of the primary techniques for studying the hydration
kinetics of cement-based systems is the measurement and anal-
ysis of the heat developed (Q) after the contact of the material
with water. The rate of heat development (dQ/d¢) in the hydra-
tion of C3S-C-S-H systems and the control CsS sample inves-
tigated in the current study are shown in Fig. 2]. It is observed
that the addition of synthetic C—S—H noticeably modifies the rate
of heat generated at various stages of the hydration, the extent of
which depends on the composition and the amount of C-S-H
added. A derivative analysis of the curves in Fig. 2 was also
conducted (see curves in Fig. 3) in order to better identify the
subtle changes in the rate of heat development that might be
associated with different phenomena. This kind of analysis has
been successfully applied in the studies of the hydration of C;S
and Portland cement systems.'7-?223

The pre-induction period lasts less than an hour for all
samples. This stage ends slightly earlier when the synthetic C-S-H
is added. The end of pre-induction period (i.e. the time at which
the rate of heat development is minimum and d*Q/d#* = 0) occurs
at about 53, 45, 40 and 36 min for the control C;S, and 5, 10 and

1 The data for the first 20 min was not plotted in order to enhance clarity.
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Fig. 2 Rate of heat development recorded by isothermal conduction
calorimetry for C3S-C-S-H systems containing various amounts (per
mass of C;S) of synthetic C-S-H addition compared with that for the
control C;S. a: addition of C-S—H(C/S = 0.8), b: addition of C-S-H(C/S
= 1.2). Markers indicate the time at which samples were taken for other
analyses.

20% C-S—-H additions, respectively. This time does not seem to
be dependant on the type of C—S—H. The total heat of hydration
(i.e. the area under the rate of heat development curve) evolved
during this stage is higher for samples containing C—S—-H addi-
tion than that for the control C;S. It was, however, not possible
to measure the amount of heat produced in this period quanti-
tatively as its rate exceeded the capacity of the instrument. In
most of the hydration studies of modified C;S systems using
calorimetry,’*™¢ the pre-induction period has not been investi-
gated in detail, possibly due to the experimental limitations.

In a separate study (not reported) using a less reactive C3S
sample, it was observed that the heat generated during the pre-
induction stage increased significantly for C;S in the presence of
C-S-H. This effect was much more pronounced in the case of
low lime C-S-H (C/S = 0.8). It can, therefore, be argued that the
early reactions occurring at this stage such as the dissolution of
ions from the C5S grain into the aqueous phase (responsible for
the initial heat development) are promoted due to the presence of
the synthetic C—S—H seeds. It is also likely that the “barrier layer”
that has been suggested to form on the C;S surface and is
responsible for the beginning of the dormant period'? becomes
less effective in the presence of synthetic C-S-H. Ions such as
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Fig. 3 The derivative analysis of the rate of heat development curves in
Fig. 2 for various amounts of C-S—-H addition to C3S; a: C/S = 0.8, b: C/S
=1.2.

Ca”™ and OH™ hypothetically migrate toward the synthetic
C-S-H (that has a high surface area which makes it very suitable
as a nucleation site) and are adsorbed on its surface where they
nucleate and grow to form the C-S-H product instead of
forming a preliminary product on the surface of tricalcium sili-
cate. Direct evidence from SEM (section 3.2) supports this
theory. Formation of hydration products (precipitated from
the solution) on the surface of the C-S—H seed decreases the
concentration of ions in the solution phase and accelerates their
dissolution from the C;S into the aqueous phase even during the
pre-induction period. (refer to Fig. 4-al and 4-bl for direct
evidence of additional dissolution). More heat is then generated
during the pre-induction stage due to the suggested mechanisms
for dissolution and precipitation. This theory is consistent with
the previous observations suggesting that the addition of fine
particles such as silica fume and calcium carbonate has similar
effects in terms of the length of the pre-induction period and the
increased rate of heat development.®*-2"

The induction or dormant period can not be identified as such
(Fig. 2). The heat flow data for the samples experience only
a brief minimum value after the end of pre-induction period in
the rate of heat development curves of seeded samples. Imme-
diately after the occurrence of the minimum value, the rate of
heat development increases at a rate that seems to vary according
to the amount and type of the C—S—H seed present in the sample.
This effect is better demonstrated in Fig. 3. It has been shown
that the induction period is extended when there is a high

concentration of dissolved Ca®* and OH™ ions in the aqueous
solution.?® The depletion of Ca** and OH™ ions from the aqueous
solution can accelerate the hydration of C3S.* It is therefore
suggested that the synthetic C—S—H which acts as a nucleation
site for the growth of the C—S—H product adsorbs the ions in the
aqueous solution. This in turn shortens the “induction period”.
A decrease in the length of the dormant stage has been observed
previously when C;S and Portland cement are hydrated in the
presence of various silicate hydrate systems.'>™** The end of this
period was also observed to occur faster in seeded samples
consistent with the interpretations advanced in the current study.

The acceleratory stage leads to a peak after the dormant period
followed by the deceleratory stage. This peak occurs at earlier
times (presented in Table 1) for the C3S—C-S—H mixes compared
to the control C;S where the rate of heat development reaches
a maximum value at about 9.5 h. This maximum, for the control
sample, is preceded by a smaller peak appearing on the shoulder
immediately after the end of induction period. It has been
demonstrated that the time between the end of the induction
period and the start of the deceleration in hydration process is
composed of two separate stages.?*?* Immediately after the end
of the induction period surface reactions predominate, while
afterwards bulk nucleation and growth are more significant. The
calculation of the derivative of the heat flow curves (obtained
using high resolution calorimeters such as that in the current
work) can assist in separating the two processes.

The derivative of the rate of heat development curves are
shown in Fig. 3-a and 3-b for samples containing synthetic
C-S-H addition, C/S = 0.8 and 1.2, respectively. The accel-
eratory stage for the control C;S sample (corresponding the part
of the curves in Fig. 3 where d>Q/d#* > 0) can be divided into two
regions; One region of near constant derivative heat flow starting
at about 1.2 h and the second region between 2.5 and 9.5 h where
a peak is observed. The first event is attributed to the initial
hydration reactions including the nucleation of C-S-H on the
surface of C;S. The second event that has a relatively higher rate
is likely due to the bulk growth of the C-S-H.?>*

The existence of these two events is more distinct in the
C3S-C-S-H systems. The intensity and location of the peaks
associated with these events appear to be influenced by the type
and amount of C-S-H seed. A comparison between the deriva-
tive heat flow curves for the control sample, increasing amounts
of 0.8 C/S ratio C-S-H (Fig. 3a) and increasing amounts of 1.2
C/S ratio C-S—H (Fig. 3b) suggests that different processes may
be in play during the hydration of the samples with the two
different types of synthetic C—S—H. In the 0.8 C/S ratio blends,
the main hydration peak from the control sample becomes
attenuated with increasing synthetic C—S—H content. This is seen

Table 1 Time (hours) at which the maximum value in the peak of the
rate of heat development curve occurs. This time is 9.5 h for the control
CsS

Amount of C-S-H addition

5% 10% 20%
C3S + C-S—H (C/S = 0.8) 6.7 5.9 3.1
CS + C-S-H (C/S = 1.2) 7.1 6.3 47
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as a shift from being the main positive peak in the Figure for the
control sample to being a secondary maxima with a value less than
zero in the samples with higher synthetic C—S—H content. Instead,
the maximum heat flow occurs in an early peak that increases in
size with increasing synthetic C—S—-H content. Previous work
has shown that increasing surface area of C;S produces such an
effect,? which was attributed to surface hydration reactions, as
opposed to bulk ones. The high surface area of this type of
synthetic C-S-H provides a massive number of sites for the
formation of initial C-S-H substances. This promotes the
nucleation of C—-S—H and accelerates the rate of heat development
during the acceleratory stage observed by the increase in the
intensity of the peak associated with the first event in Fig. 3-a.

This effect is not dominant in the 1.2 C/S ratio blends, where
only a single peak is observed during the initial stages of the
hydration reaction. This result suggests that bulk hydration
product reactions are the primary mechanism in these samples.
Although there is a significant difference in the surface area
between the 0.8 C/S ratio and 1.2 C/S ratio samples, both
materials had surface areas that are much higher than those that
produced the early, surface area related hydration peak in C;S
alone.?? Instead, the differences in hydration behavior may be
due to structural differences in the synthetic C—S—Hs. This point
is developed further in the next sections.

The deceleratory period in the hydration of C3S-C-S-H is
initiated at earlier times for the C/S = 0.8 sample compared to the
C/S = 1.2 and control sample. The total heat developed in the
hydration reactions (i.e. the area under the curves in Fig. 2) is
higher when the synthetic C-S—H is added. This suggests that
more C;S is consumed in the hydration reactions when C-S-H is
used for seeding. The degree of hydration is therefore likely to be
higher in the modified systems. Despite the significant differences
during the acceleratory stage, the slope of the rate of heat
development curves during the deceleratory stage (as shown by
the derivative analysis in Fig. 3 between 6 to 12 h) is similar for all
samples. It also appears that two events occur during the decel-
eratory stage (indicated by double peaks in the region where
d?Q/d#* < 0) in the seeded samples whereas control C;S has only
one peak. This behavior, which is more distinct for the C/S = 1.2
sample, may support the existence of two mechanisms in the
formation of hydration products: conventional C-S-H on the
surface of C3S and the C-S-H on the surface of seeds. It is
suggested that these two events in the conduction calorimetry
have different rates during their acceleration and deceleration
stages. The calculation of this rate (i.e. their derivative analysis as
shown in Fig. 3) will therefore produce curves with double peaks
in both stages of the hydration. There is also a slight increase in
the rate of heat development reduction (inferred from the
intensity of the peaks in the deceleratory stage) when C-S—H is
added to the C;S suggesting a quicker completion of the
reactions.

3.2. Scanning electron microscopy

The results of the SEM examination of the control C;S and C5S
+ 20% C-S-H (C/S = 0.8) samples are shown in Fig. 4. The
surface of the control C;S (Fig. 4-al) is intact after 20 min of
hydration during the pre-induction stage. It has a relatively
smooth surface similar to that in the unhydrated C;S. Few etch

Fig. 4 SEM micrographs of the evolution of the surface of C;S at
various hydration times. Series a (control sample); al: 20 min, a2: 1 h
20 min, a3: 2 h 30 min, a4: 7 h. Series b (C;S in the presence of synthetic
C-S-H (C/S =0.8)); bl: 10 min, b2: 1 h, b3: 3 h. b4: 10 h. The white scale
bar indicates 500 nm. (80 K magnification).

pits appear on the surface after 1 h 20 min of hydration
(Fig. 4-a2). Formation of these etch pits has been previously
reported to occur at the end of induction period.??* Small
C-S-H hydration products can be observed on the surface of C5S
at this time (that is at the beginning of the acceleratory period).
After 2.5 h of contact with water, most of the surface of the C;S is
covered with etch pits and the C—S—H particles have grown larger
(Fig. 4-a3). The surface of the C;S grain is fully covered by
C-S-H products at later times (Fig. 4-a4) and thus the
morphological changes of the C;S surface cannot be further
monitored.

The presence of synthetic C-S-H (C/S = 0.8) results in
noticeable differences in the appearance of the C;S grains during
the hydration (shown in Fig. 4-b). The surface of the C;S is
covered by small etch pits after only about 10min (Fig. 4-bl).
This is indicative of a significant dissolution of the C3S during the
pre-induction period, which is consistent with the intense release
of the hydration heat at this stage for the seeded systems. The
heat of wetting is therefore not the dominant factor controlling
the heat of hydration before the dormant period in the blended
samples. In a separate study by the authors (in progress) it was
observed that the amount of heat generated in the hydration of
B-C>S-C-S-H systems during the pre-induction stage is much
less than that in the corresponding C3S-C-S-H system. It is
therefore unlikely that the wetting effect is a governing factor for
the initial release of heat as soon as material comes into contact
with water. Dissolution of ions from the unhydrated grains into
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the solution is suggested to be responsible for the heat of
hydration before the dormant period. After 1 h, the surface of the
C;S is extensively covered with etch pits (Fig. 4-b2). Small
C-S—H hydration products and Ca(OH), crystals (identified by
their distinct morphology?) also appear on the surface. The
surface of the control C;S sample (Fig. 4-a2) is relatively intact at
a similar hydration time. The surface of the C—S—H seed does not
seem to be affected during the hydration up to this stage (not
shown). Changes at the nucleation sites, if any, cannot be
observed, probably due the limitation of the SEM imaging
resolution.

The surface of C3S particles is covered by C-S-H after 3 h of
hydration (Fig. 4-b3). This corresponds to the location of the
maximum in the rate of heat development curve. A larger
number of C-S-H particles forms on the surface of the C;S after
this time (Fig. 4-b4). Their population, however, is not as high as
that in the control C;S sample (Fig. 4-a4). This qualitative
observation that was made in several spots may suggest that the
C-S—H products can form at other sites. Examining the surface
of the C-S-H seed at this time (identifiable by its distinct
morphology in Fig. 5-a) reveals interesting features. In
comparison with the surface of the pristine C-S—H (C/S = 0.8) in
Fig. 1-a, it is observed that small needle-like particles are formed
on the surface of the synthetic C—S—H after 3 h. These structures
appear to be the C—S—H phases produced from the hydration of
C;S, but nucleated on the surface of the seeds rather than on the
C;S itself. These particles grow larger at later times and finally
cover the surface of the synthetic C-S-H. This may also be
responsible for the relatively lower population of the C-S-H
products on the surface of C;S in these samples. This provides

Fig.5 SEM image of the surface of synthetic C-S—H seeds (a: C/S = 0.8,
b: C/S = 1.2) after 3 h of the hydration of CsS showing the nucleation of
needle-like C-S—H products. The white scale bar indicates 500 nm. (80 K
magnification).

direct visual evidence for the nucleation of hydration products on
the surface of fine particles. The formation of C-S—-H on the
surface of the synthetic C-S—-H may explain the marked increase
in the peak intensity associated with the initial reactions observed
in Fig. 3-a for this sample. This also supports the theory that the
dissolved ions migrate toward the surface of the C-S-H seed.

Similar changes in the morphology of C;S occur (not shown)
in the presence of synthetic C-S-H (C/S = 1.2), but at a slower
rate possibly due to the difference in the surface area of the
C-S-H seeds as mentioned before. At 20 min of hydration no
visible change was detected on the surface of C5S and C-S-H.
The etch pits and initial C-S—H products appear on the surface
of the C;S after about 2 h. The formation of C-S-H on the
surface of the synthetic C—S—H is clearly observed after 3 h as
shown in Fig. 5-b. The needle-like structure of the initial C-S-H
products on the surface of the seed are easily observed in contrast
with the appearance of the pristine C—S-H seed in Fig. 1-b. The
growth of C-S-H on the surface of synthetic C-S-H (C/S = 1.2)
at later times is not as extensive as that in the case of C/S = 0.8.
The morphology of synthetic C-S—H (C/S = 1.2) is still detect-
able at later hydration times as it is not fully covered by the
hydration products. The observed lower rate of formation on the
surface of the synthetic C—S—H corresponds well to the results of
Fig. 3-b, which shows more prominent effects on the bulk growth
of the C—S—H. It should be noted that the C—S-H formed on the
surface of synthetic C—S—H must be considered in a separate
category distinct from the ‘inner’ and ‘outer’ products postulated
in the hydration of conventional silicate phases.* The mecha-
nism of nucleation and growth of this type of C-S-H is appar-
ently different from that forming on the surface of the C;S. The
C-S-H that is precipitated on the surface of the CsS affects the
rate of the dissolution of the covered C3S grain and the diffusion
of ions. This mechanism, however, is not applicable to the
C-S—H forming on the surface of the seed particles. The chem-
istry of the C—-S—H materials at these locations is, therefore, likely
to be different from the C-S-H growing on the surface of CsS.
The energy dispersive X-ray (EDX) analysis was not helpful
regarding the chemical analysis of the hydration products as the
accuracy of this qualitative method was not high enough to
conduct measurements on the small nucleated C-S—H particles
(about 100 nm in length in Fig. 5). Moreover, a specific depth of
the sample is affected by EDX. This includes a layer of the
hydration products as well as the original grains. The thickness
of this layer can not be measured. The proportion of each phase
analyzed by EDX is therefore not determinable. The qualitative
results using this method thus cannot be accurately compared.
Other approaches were carried out using DSC and NMR tech-
niques (as described in the next sections) in order to better
understand and explain the stoichiometry of the C—S—H phases
formed during the hydration of C;S seeded with the synthetic
C-S—H materials.

3.3. Differential scanning calorimetry

The DSC technique has been extensively applied in the investi-
gation of calcium silicate systems in cement chemistry.?' C-S-H
and C;S both exhibit thermal behavior due to the crystalline
conversion and transition at high temperatures between 800 and
1000 °C. This behavior was explored for the C3S—C-S—H systems
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in the current study. The results for the thermal analysis of the
control and modified samples with 20% C-S-H addition at
selected hydration times are shown in Fig. 6. Two endothermal
peaks are observed for the control C3S sample (Fig. 6-a) at 921
and 972 °C indicating the presence of unreacted CsS. These peaks
are observed for hydration times of up to 30 h (not shown). The
pure C;S undergoes two endothermic events at these tempera-
tures due to the crystalline transitions from triclinic to mono-
clinic and monoclinic to trigonal forms, respectively.?!

The systems containing synthetic C—S—H experience additional
thermal events at temperatures between 800 and 900 °C. In
addition to the peaks for the unhydrated CsS, Fig. 6-b shows an
exothermal peak exists in the C3S + 20% C-S-H (C/S = 1.2)
sample at about 886 °C, the location of which is gradually shifted
to about 898 °C after 30 h of hydration (not shown). This peak is
due to the phase pure synthetic C-S—H initially added to the
mixture. The C-S—-H has a sharp exothermal peak due to the
conversion to B-wollastonite.?*** The temperature at which this
peak occurs depends on the C/S ratio of the C-S—H and varies
from 830 to 900 °C as the C/S ratio increases.** It is also observed
that this peak is broadened at later hydration times.

The DSC curves for the C3S with C-S-H (C/S = 0.8) addition
are shown in Fig. 6-c. The exothermic peak at 832 °C after 10min
of hydration is from the synthetic C-S-H. The location of this
peak is also shifted to higher temperatures (about 839 °C) at later
hydration times suggesting a change in the thermal behavior of
synthetic C-S—H addition. In this system, however, a new peak
starts to appear after one hour of hydration at about 865 °C. The
relative intensity of this peak increases with time. The peaks from
the crystalline transformation of C;S are present in the seeded
systems during these events.

The C-S-H produced in the hydration of the control C;S
sample does not depict any exothermal event (Fig. 6-a) at the
hydration times examined in this study. This might be due the
amorphous nature of the C—S—-H from the hydration of silicate
phases. At later times, however, a relatively small exothermal
peak may appear at about 840-867 °C.>* Synthetic C-S-H is
a semi-crystalline material and has a high-temperature
exothermal behavior (as shown in Fig. 6-b and 6-c) due to the
conversion to B-wollastonite.?*3* The broadening of this
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Fig. 6 DSC curves of the hydrated samples at various times. a: CsS,
b: C5S + 20% C-S-H (C/S = 1.2), ¢: C5S + 20% C-S-H (C/S = 0.8). The
curves are offset along the y-axis for clarity. Markers in Fig. 7-b and 7-c
indicate the exothermal conversion of synthetic C-S-H seed to
B-wollastonite at temperatures depending on the lime to silica ratio of the
C-S-H; ©¢:C/IS=12,V:C/S=038.

exothermal peak in Fig. 6-b and the formation of the new
exothermal peak in Fig. 6-c as the hydration process is advanced
may, therefore, be due to another C-S—-H phase that has more
ordered structure than that in the control sample and is appar-
ently different in nature from the C-S-H produced in the
hydration of pure C;S. It is suggested that the C-S-H that
nucleated and grew on the surface of the C-S-H seed is
responsible for the changes in the exothermal events observed in
Fig. 6-b and 6-c. This type of C—S-H is likely to have a more
developed nanostructure than that forming on the surface of C5S
and, unlike it, can be converted to B-wollastonite. XRD analysis
was conducted on the seeded systems in order to obtain addi-
tional support for the crystallinity of the new hydration products.
The results, however, did not provide any conclusive information
in this regard. The location and sharpness of the XRD peaks
(primarily due to the semi-crystalline seed) did not change after
the nucleation of the C-S-H product on the surface of the seed.

As mentioned, the new exothermal peak (in Fig. 6-c) occurs at
temperatures higher than that for the peak associated with the
conversion of synthetic C-S-H (C/S = 0.8) to B-wollastonite. In
the C3S-C-S-H (C/S = 1.2) system (Fig. 6-b) this peak is
obscured due to the broadening of the exothermal peak of the
C-S-H seed as hydration progresses. In both seeded samples,
a shift is observed in the location of the exothermic peak of
synthetic C-S-H to higher temperatures at later times. It has
been shown previously that the location of this exothermal event
is dependant on the stoichiometry of the C—S-H. A higher C/S
ratio C-S—-H exhibits the exothermal conversion to B-wollas-
tonite at higher temperatures.®? It is, therefore, suggested that in
each seeded system, the C/S ratio of the new semi-crystalline
C-S-H phase forming on the surface of the C-S-H seeds is
proportionally higher than the C/S ratio of the seed itself. It
should also be noted that the average C/S ratio in hydrated
silicate phases of Portland cement is about 1.75.3% It is suggested,
accordingly, that the chemical composition of the C-S-H
product can be modified through the addition of various types of
C-S-H seeds having selected C/S ratios. This may provide
a unique tool for engineering the properties of the cement-based
materials.

3.4. *Si MAS NMR

Nuclear magnetic resonance (NMR) spectroscopy is a powerful
technique that has proven very useful in a wide range of appli-
cations in cement chemistry.?**” In the current study, the #Si
MAS NMR was conducted on control and seeded C3S samples
(having 20% addition of C-S-H, C/S = 0.8 and 1.2) in order to
investigate the extent of polymerization in the hydration prod-
ucts after 1 week of hydration. The ??Si MAS NMR spectra of the
samples are shown in Fig. 7. They all have similar features in
terms of the chemical shift of the peaks. The first set of signals
from —68 to —75 ppm labeled Q° are due to the isolated
(uncondensed) silicate tetrahedron at various locations in the
crystal structure of unhydrated C;S.*® The two broad signals
located at about —79 and —84 ppm are referred to as Q' and Q?,
respectively. These two signals are due to the silicon atoms in the
silicate chain of the C-S-H.** Q! corresponds to the end chain
silicate tetrahedra and the Q’ is from the middle chain or
bridging tetrahedra. Both synthetic C-S-H and the C-S-H
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Fig. 7 *Si MAS NMR spectra of the C3S-C-S-H systems hydrated for
1 week; a: control Cs;S, b: C5S + 20% C-S-H (C/S = 0.8), c: C5S + 20%
C-S-H (C/S = 1.2).

product have Q' and Q? signals, which overlap in the spectra
shown in Fig. 7-b and 7—c. It is therefore desirable to separate the
contribution from each of these phases in the spectra in order to
evaluate the silicate structure of the hydration products in the
seeded systems. This can be accomplished by comparing the
absolute concentration of the silicon atoms in the starting and
hydrated materials in a specific Q site.

Quantitative Si MAS NMR analysis of the absolute concen-
tration of Si atoms in different environments was accordingly
conducted on the hydrated samples as well as the initial pure
phases. Na Y zeolite (Si/Al = 2.9) was used as the reference
material. The spectra were deconvoluted in order to calculate the
integral intensity of each peak employing Lorentzian lines using
DMFit software.?* The values of the integral intensity of Q°, Q'
and Q? sites for various samples are presented in Table 2. The
integral area under the spectrum for the reference zeolite sample
was calibrated for the number of scans and the mass of silicon
atoms in the sample. It is therefore possible to calculate the mass
of silicon atoms associated with various Q sites based on their
integral intensity normalized for the number of scans. The mass of
a specific chemical compound can then be determined knowing
the mass percentage of Si in its molecular weight.

The amount of unreacted CsS was calculated according to this
procedure based on the integral intensity (i.e. the area under the
spectrum) of the Q° sites and assuming that C;S has a chemical
formula of Ca;SiOs.?2 The degree of hydration can then be
determined knowing the amount of initial CsS in the mixture. A
more convenient approach using only the integral intentity

measurement of Q° could be applied had the C;S not been mixed
with C-S-H seeds.?” Similarly, the Q' and Q? peaks associated
solely with the hydration process can be determined for the
blended samples by subtracting the signal produced by the
synthetic phases. The normalized area under each peak (Q' and
Q?) was initially determined for the phase pure C-S-H samples
(C/S = 0.8 and 1.2) using *Si MAS NMR. A factor of the
normalized area (for the percentage of C—S—H addition and total
mass of the sample) was then subtracted from the area of the
corresponding signal (Q' and Q?) in the NMR spectra in Fig. 7.
The remaining value is, therefore, due to the C-S-H that is
produced in the hydration of C;S. The extent of the silicate
polymerization in the hydration products (Q*Q' ratio) can then
be simply expressed as the ratio of the calculated areas for Q' and
Q? sites for the new C-S—-H. The summary of the results calcu-
lated based on the quantitative *Si MAS NMR analysis is pre-
sented in Table 2.

It is shown that the degree of hydration is significantly higher
when synthetic C-S-H is added to the C;S (Table 2). The
increase of the degree of hydration has been observed previously
for similar seeded systems.'* The observations from conduction
calorimetry and SEM are consistent with these results. It seems
that the C-S—H seeds accelerate the dissolution of the C;S
particles during the initial hydration times before setting. A
significant amount of hydration products are formed on the
surface of the added synthetic C-S-H.

It is suggested that the formation of the hydration products on
the surface of synthetic C—S—H rather than the surface of the C3S
increases the amount of exposed C3S surface as compared to the
control samples, allowing a greater rate of C;S dissolution and
increased hydration activity during the hydration process.

The Q%/Q' ratio is directly related to the mean silicate chain
length and the extent of the condensation of silicate in layered
silicate systems.*3” The degree of polymerization values calcu-
lated for the samples have some interesting aspects. The synthetic
C-S-H is more polymerized at lower C/S ratios. It is known that
the decrease in the C/S ratio of the C—S—H results in an increase
in the degree of silicate polymerization (i.e. relatively longer
silicate chains with only few defects due to the omitted bridging
tetrahedra). The Q' signal appears as a shoulder of the Q? signal
in low C/S ratio C—S—H systems whereas in high C/S ratio C-S-H
the Q' and Q7 signals are well-separated. The Q*Q! ratio is
quantified after the deconvolution of the peaks in the spectrum.
The relatively high Q¥Q! values have been previously reported®
similar to the value of 3.55 for the C/S = 0.8 C-S-H. At higher
C/S ratio C-S—H systems (including the C-S—-H that forms in the
hydration of cement phases) the silicate chains primarily consist
of dimers and the Q*Q! ratio is thus lower than that for the low

Table 2 Integral intensity of the Q sites, degree of hydration and silicate polymerization in the C;S and C3S-C-S—-H samples after 1 week of hydration

based on quantitative Si MAS NMR

Integral intensity

(%) Silicate polymerization (Q¥/Q")

Q° Q! Q? Degree of Hydration (%)  Total C-S-H  C-S-H Seed = C-S-H Hydration Product
CsS 24.1 61.5 144 75 0.23 — 0.23
C3S +20% C-S-H(C/S=0.8) 100 53.6 364 91 0.68 3.55 0.29
C3S +20% C-S-H (C/[S=12) 83 724 193 90 0.27 0.32 0.25
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C/S ratio C-S-H. As shown in Table 2, the Q*Q! ratio of the
C-S-H that is produced in the hydration of CsS is lower than
that in the synthetic C-S—H indicative of shorter silicate chains
containing a greater number of defect sites. This ratio, however,
increases for the C—S—-H produced in the presence of synthetic
C-S—H. The effect is slightly higher when low C/S ratio C-S-H is
used for seeding compared to the case of C—S—H having C/S =
1.2. Tt should be noted that the estimated silicate polymerization
of the C—S—H product is the average value for the C-S—H that is
formed on the surface of C—S—H seeds as well as the C-S-H that
is precipitated on the surface of C3S grains. The C—S-H forming
on the surface of C;S is likely to have a similar silicate poly-
merization degree to that in the control sample. The extent of
polymerization of the C—S—-H grown on the surface of seeds is,
therefore, higher than what is presented in Table 2. As this effect
is related to the chemical composition of the C-S-H, it is sug-
gested that the C—S—H produced in the hydration of CsS interacts
chemically with the C-S-H seed and may have a similar nano-
structure to that of the seed particle. This is consistent with the
DSC results showing the dependence of the exothermal behavior
of C-S—H product on the C/S ratio of the C-S—H seed.

This observation can be plausibly explained by the nucleation
and growth model described by Gartner.*® According to this
model, the new C—S—H grows at the end of the initial nucleated
C-S—H sheets (or from the C—S—-H seeds in the current work) and
therefore develops a similar structure to that of the sheets on
which it is nucleating. It is reasonable to assume that the C-S-H
growing through this mechanism may also have a similar silicate
structure to that of the C-S-H seed (i.e. mimicking the nano-
structural features of the nucleation site). This behavior can
explain the dependence of the Q¥Q' ratio in the C-S—H product
to the C/S ratio of the C-S—H seed. One can expect that the
silicate polymerization and chemical composition of the hydra-
tion products of silicate phases can easily be manipulated
through C-S-H seeding if a wider range of C/S ratio is employed.
This effect that was also observed in the DSC results has
important practical implications as the chemical and mechanical
properties of C-S—H are largely controlled by its C/S ratio'** It
may, therefore, be possible to employ C-S-H seeding in order to
produce cement-based systems having a specific durability and
engineering performance.

4. Concluding remarks

The mechanism of C-S-H seeding in cement systems employing
advanced analytical tools such as quantitative *Si MAS NMR
was studied for the first time. C—S-H seeding was shown to be
very effective in accelerating the hydration of CsS. The location
of the maximum rate of heat development (after the dormant
period) was shifted to earlier times by as much as 6 h when
synthetic C-S-H was added to the C;S. The dissolution of CsS
into the aqueous solution and the rate of heat development due
to the formation of C-S-H were significantly increased. It was
shown (by the direct evidence using SEM analysis) that, in
modified systems, the C—S—H produced in the hydration of C;S
nucleates and grows on the surface of the synthetic C-S-H. The
extent of the silicate polymerization of the C-S-H product was
measured through quantitative NMR calculations. It was found
that the Q¥Q!' ratio of the C-S-H product can - be modified

depending on the stoichiometry and silicate polymerization of
the C-S—-H seeds. This was corroborated by the DSC results
suggesting the formation of a C-S—H phase having exothermal
behaviour at high temperatures. Further experimental investi-
gations, including spatially resolved techniques and chemical
analysis of the pore solution, are still required to better under-
stand the mechanism and chemistry of C—S—H seeding.

It should, therefore, be possible to tailor the properties of the
hydration products in cement-based materials through
controlled metamorphosis method by modifying the hydration
process in order to produce a specific C/S ratio C-S-H. The
stoichiometry of the C-S-H (as expressed by its C/S ratio)
primarily influences its chemical and mechanical properties.
Cementitious systems can thus be engineered by controlling the
type and the amount of synthetic C—S—-H in order to obtain
a specific mechanical performance or chemical stability. This
should provide a unique opportunity in order to engineer the
properties of concrete materials in the future. Moreover, the
nucleation of C—S—H on the surface of seeds is suggested to result
in the formation of a more homogenous and well distributed
hydration material compared to the control C;S where C-S-H
essentially precipitates on the surface of C3S particles. The better
distribution of hydration products through C-S—-H seeding is
likely to improve mechanical properties and durability charac-
teristics of the hydrated cement system such as strength and
permeability.
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