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Abstract

This paper presents the quantification and nanomechanical properties of calcium
silicate hydrate (C-S-H), formed at early stage hydration of tricalcium silicate (major
cement phase) in presence of silica nanoparticles (SNPs). SNPs showed dominant
nucleation effect at 8h and pozzolanic effect at 24 h and accelerate the hydration rate
(~83% at 8 h and ~51% at 24 h) due to the formation of additional C-S-H nuclei.
Further, ?Si-NMR and FTIR techniques showed the acceleration in polymerization of
silicate chain leading to the formation of tobermorite like structure. Formation of
polymerized and crystalline C-S-H gel in presence of SNPs increases the percentage of
high density C-S-H (~40%) and lowers the low density C-S-H (~52%) at 24 h of

hydration, as observed in nanoindentation results.
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1. Introduction

Cement hydration is a complex chemical phenomenon and despite the availability of
vast amount of literature on cementitious materials, the structure of C-S-H is of scientific
interest [1-3]. Over the past two decades, spectroscopic methods, mainly 2°Si-nuclear
magnetic resonance spectroscopy (**Si-NMR), have provided a reasonably clear picture
of C-S-H structure at sub-nanometer scale. Solid state *°Si-NMR studies have
established that at early stage of hydration (in fresh paste) C-S-H consists mainly of
dimeric silicate chains [4-7]. While after 28 days of hydration, some of the dimers are
linked through monomers to form pentamers and then possibly the dimers and
pentamers are linked through monomers to form octamers; thus suggesting a 2, 5, 8,
....... (3n-1) chain length sequence, where n=1, 2, 3, etc. Hence, during the linkage,
many of the silicate tetrahedral are missing from chain, therefore, causing imperfection
in the both the structure i.e. jennite and 1.4 tobermorite [8, 9]. The density of the C-S-H
layers and inter-layer water exclusive of the gel water was measured using *H-NMR
[10]. The experiments show that initially (during the first few days) C-S-H grows as a
loosely packed assembly of nano crystalline region, wherein the calcium silicate layers
are well stacked with inter-layer water. During this period, the amount and size of large
capillary pores decreases rapidly and once the size reaches around 10 nm, the number
of “gel” pores in the C-S-H no longer increased, even though CH and C-S-H with inter-
layer water continue to form. The transition to the formation of this dense C-S-H (without
gel pores) leads to an overall increase in the “bulk” density of the C-S-H with time from
around 1.8 g/cm® at one day to around 2.1 g/cm® at one year. Throughout the hydration
process the density of the solid nanocrystalline C-S-H remains approximately constant
with a slight decrease from ~ 2.73 g/cm? at one day to 2.65 g/cm?® at one year, due to an

increase in the number of layers in the nano crystalline regions [10].

Nanoindentation technique has been widely used for the characterization of C-S-H in
hydrated cement paste based on the colloidal model proposed by Jennings [11].
Accordingly, hydration process is completed in early, middle and late periods leading to
the formation of two types of C-S-H: low density (LD) and high density (HD). First stage
is a period of possibly diffusion-controlled slow reaction, called the “early period,” that

ends at the time of initial set, secondly, there is a nucleation and growth stage enduring
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until 12-14 h or may be up to 24 h, called the “middle period” and finally, there is the
“late period” or diffusion-controlled stages, for the remaining period of the reaction [12,
13]. Under normal conditions generally LD C-S-H is formed at the middle period,
whereas during the later stage, formation of HD C-S-H is predominant [14]. Richardson
and Grooves [15, 16] have mentioned the presence of two morphologically distinct
forms of C-S-H in Transmission Electron Microscopy based on the studies of cement
pastes and distinguished between outer product C-S-H and inner product C-S-H.
Several studies based on nanoindentation of cement pastes have shown that
nanoindentation can be used to map mechanical properties of multiphase materials [17-
20]. The grid-indentation technique was employed to study in detail the two adjacent
hydrated cement particles that include unhydrated cement (UC), C-S-H, CH, pores and
other hydration products. The modulus of CH and unhydrated cement grains is reported
in the range of 35-40 and 81-115 GPa, respectively. The modulus of C-S-H gel is
reported in between 15-40 GPa, wherein, HD C-S-H lies in the range of 28-40GPa,
while LD C-S-H have value of 15-30 GPa [21-25]. Kim et al. [26] have quantified the
degree of hydration of the cement paste using nanoindentation and compared with that
from ?°Si-NMR results. They have reported that a hydration product, which has a
relatively high modulus of elasticity over other known hydration products, in the
hardened cement paste cured at elevated temperature and pressure. Wei et al. [27]
used nanoindentation technique for the determination of degree of hydration in slag
blended cementitious system and the results were compared with thermo-gravimetric
analysis results and the backscattered electron image analysis methods. They have
reported that nanoindentation techniqgue might be an alternative way to quantify degree
of hydration of cementitious materials as the results were in good agreement with the
TGA and BSE results. Howind et al. [28] studied the intrinsic properties of different
hydrate phases and also the possible interaction (or overlapping) of different phases
(e.g. C-S-H) using statistical nanoindentation and micro-mechanical property mapping
techniques. They have reported that results of the mapping and statistical indentation
testing appear to suggest the possible existence of more hydrate phases than the
commonly reported LD and HD C-S-H and CH phases.
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In blended cement, various supplementary materials are used to improve the
performance of cementitious system [29, 30]. Recently, silica nanoparticles (SNPs)
have received widespread attention in cementitious system due to their high reactivity
[31, 32]. These ultra fine material, not only reduces the calcium leaching but also
improves the packing density of C-S-H in harden paste. Mondal et al. [33] reported that
incorporation of SNPs significantly alters the proportion of low and high stiffness C-S-H.
Singh et al. [34, 35] have studied the early age hydration process of cementitious
system in presence of SNPs also quantified the amount hydrated products on the basis
of loss on ignition (LOI). They have reported that due to the formation of additional C-S-
H seeds, more dense and compact microstructure was formed at 24 h of hydration in
presence of SNPs as these C-S-H seeds accelerate the hydration process and growth
hydrated products rapidly in 24 h of hydration, however, the quantification in
acceleration and the stoichiometry of C-S-H in SNPs incorporated cement is still not
documented. It will be further interesting to know more about the rate of acceleration
and stoichiometry of C-S-H gel formed as it may quantitatively address the durability

and sustainability attributes.
2. Materials and methods
2.1. Sample preparation for hydration studies

For better understanding of hydration chemistry in cementitious system incorporating
SNPs at early stage, the main ingredient of cement i.e. tricalcium silicate (C3S) was
used for hydration studies. C3S was prepared and characterized in laboratory using
calcium carbonate and silica in a molar ratio 3:1 and heated at ~1500°C, as reported
elsewhere in detail [34]. Dispersed powdered SNPs having particle size 30-70 nm were
synthesized in laboratory using sodium silicate as a precursor as reported elsewhere in
detail [34, 37].

For the hydration studies, 10% SNPs were added by the weight of C3S and mixed first
in dry form. The mixture of C3S and SNPs was hydrated with a w/C3S ratio 0.4 and
hydration process was stopped with acetone at different time intervals. Present

research focus is to understand the role of SNPs during early stage kinetic of C3S, thus,
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the major studies were focus only up to 24 h only. However, the hydration process
continued upto 1 year for the determination of hydrated products formed on complete
hydration. After 24 h of hydration, the samples were cured in water at room
temperature. For the determination of SNPs reactivity in lime paste, samples were
prepared by mixing hydraulic lime (calcium hydroxide) (95% purity) procured by loba
chemicals and SNPs in different molar C/S ratio (0.5, 1.0, 1.5 and 2.0) using water to
solid ratio of 2.0. The samples were stirrer for 3 min using magnetic stirrer and then the
hydrated mixture was stored in a plastic air tight bottle. All the samples were kept in
vacuum desiccator to minimize the carbonation rate. For the TGA analysis the paste
was washed with acetone and then oven dried at 105°C.

2.2. Sample preparation for nanoindentation studies

C3S paste were prepared by adding 10% SNPs by the weight of C3S using fixed w/C3S
ratio of 0.4 and nanoindentation studied were performed at hydration ages of 24 h. All
the paste specimens (typically 10x10x10 mm3 cubes) were kept in the lab (20+£3°C) in a
sealable mould until the targeted hydration age was reached. After demoulding the
hydration was stopped by rinsing the paste specimens several times with isopropyl

alcohol (as C3HgO replaces water in the paste).

The primary goal of the subsequent surface preparation was to achieve a surface as flat
and smooth as possible without possibly losing, dissolving or re-hydrating any of the
material phases. Due to the multiphase nature of cement paste, with many different
phases varying widely in their Young’s modulus (from E = 0 GPa for pores to E = 130
GPa for unhydrated clinker), it is challenging to achieve a very smooth surface of Ry<<
100 nm required for reliable nanoindentation testing. As a first step vacuum
impregnation with resin (Struers EPOFIX, E = 2-4 GPa) of the paste samples was
performed to avoid the loss of weak phases and to support especially the low strength
microstructure during the grinding and polishing procedure. After hardening at room
temperature, the excess layer of resin covering the actual paste surface was removed
with the aid of abrasive disks, using P1200 silicon carbide emery paper for the final

surface approach. Alcohol-based lubricant was used to avoid potential rehydration or
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dissolution of hydration products. Before starting with the surface polishing, all

specimens were ultrasonically cleaned using isopropyl alcohol.

The ‘long-term - low speed - low contact pressure’ surface polishing procedure applied
for the nanoindentation specimen preparation consists of 3 subsequently performed
polishing steps using diamond particles with sizes of 6, 1 or % um with each step lasting
for at least 90 minutes. Oil-based diamond sprays were chosen to prevent further
hydration or dissolution of sample material and the additional use of oil-based lubricant
helped to minimise the build-up of heat during long lasting polishing cycles. Hard and
perforated polishing pads were identified to be absolutely essential for successful
surface polishing. The hardness of such pads helps to assure that the material is
removed evenly (with the highest spots first) while the perforation provides room to
accommodate polishing residue, thus assuring a flat and smooth surface finish.
Between and during the polishing cycles the progress was closely inspected using a
microscope. The right choice of polishing pad, duration, pressure, type and amount of
lubricant for every polishing step (from 6 ym down to % um) was found to be crucial for

achieving the required surface quality of the specimens.
2.3. Nanoindentation test setup

Nanoindentation has been recognised by many researches throughout the world as a
very useful technique in the field of micro-structural investigation of materials. It is
making contact between an indenter tip of known geometry and mechanical properties
and a material sample of interest. This is followed by an application of an increasing
load causing the penetration of the indenter into the investigated surface. After reaching
a predefined maximum load and typically a short hold period at this value, the load is
reduced and the penetration depth decreases due to the elastic recovery of the
indented material. During the duration of the experiment the load, P, and depth, h,
values are continuously recorded. The most common method to evaluate hardness and
reduced modulus from the load-displacement data obtained with a Berkovich indenter
tip was proposed by Oliver and Pharr in 1992 [38] and refined in 2004 [39]. From the
obtained data indentation hardness, H, and reduced modulus, E;, can be calculated as

follows:
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H=-—% (Eq. 1)
A
TS
g -J7gS (Eq. 2)
2 A
Where Pmnax is the maximum measured load applied on the indenter and Ac is the
projected contact area of the indenter tip on the surface and is typically determined as a
function of the measured maximum depth, hna. S = dP/dh is the measured slope of the
initial unloading part of the P-h curve. Young's modulus, E, has the following
relationship with the determined reduced modulus Er:
1 _1-v? 1-v°

Er: E + E (Eq3)

I
Where E; and u are the elastic modulus and Poisson’s ratio of the indenter (for

diamond: E; = 1141 GPa and v, = 0.07), respectively, andv is the Poisson’s ratio of the

indented material.

Due to low degree of hydration it was opted for a rather large number of 640 indentation
test points to assure a minimum of 300 results related to hydrate phases (E< 50 GPa).
Progressive multistep indentation testing with two load-unload cycles and a maximum
load of 1 mN was performed at each of the 640 test points, but only the unloading data
of the second cycle (hp ~250 nm) was used to determine the Young's modulus and
hardness values (Fig. 1). Statistical analysis of the obtained bulky array of indentation
tests and a subsequent statistical deconvolution of the indentation results is then carried
out to determine for each material phase for the corresponding mechanical property
values such as Young's modulus and hardness [19]. This approach is known as
statistical or grid nanoindentation technique and was first reported in 2004 [20], later
more refined method was introduced in 2007 [25] for application on cementitious
materials. To assure the coverage of a large and therefore, more representative area
the 640 test points were subdivided into 8 batches of 10x8 indents located along a

diagonal line crossing the centre of the specimen (Fig. 2).
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2.4. Determination of the reactivity of silica nanoparticles

To determine the degree of reaction of SNPs in C3S and CH paste, selective dissolution
method was used [39, 40]. 1 g of the grounded sample was added to a beaker
containing 9 g of picric acid and 60 ml methanol (AR Grade). The mixture was then
stirred for 15 min using a magnetic stirrer, then distilled water (40 ml) was added and
the mixture was continuously stirred for another 45 min. The solution mixture was
transferred into a precisely weighted tube and centrifuged for 30 min. The tube was
decanted and again refilled with methanol. This mixture was again centrifuged for 30
min and decanted. The tube was then filled with de-ionized water, centrifuged for 30 min
and the liquid was decanted. This procedure was followed three times and the residue
was dried at 110°C.

Degree of SNPs reaction was determined by the following equation [40]

X(%) = 100 x [1—

X, — 0.9 (xz)] £ 4

0.1 (Xs)

Where, X; is weight of sample in g.
X2 is the weight of residue of 1 g of C3S sample (LOI of C3S).

X3 corresponds to residue of 1 g of SNPs (LOI of SNPs).
2.5. Determination of degree of hydration

Degree of hydration was calculated using Portlandite content formed in hydrated
samples at different time of intervals. The amount of CH was calculated directly from the

TG curves using the following equations [41, 42]:

MW ch)
CH(%) = WLch) (%) x ————— Eq.5
Wn)
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Where, WLH)y corresponds to weight loss due to dehydration of CH and MW/(CH),
corresponds to molecular weight of CH, while MW represents molecular weight of

water. Further, degree of hydration was calculated using following equation:

CHn

Degree of hydration (a) = Eq. 6

CH(oo)

Where CHy and CH(.) corresponds to CH content at the time of hydration and CH

content at the complete hydration, respectively.
2.6. Characteristics techniques

Influence of SNPs on hydration of C3S at early stage was studied using FTIR (model
NEXUS (1100), Thermo Nicolet, FTIR, USA) and TGA (model: Diamond, Perkin Elmer;
USA) studies were performed at a heating rate of 5°C/min under nitrogen flow.
Statistical nanoindentation testing was performed to determine the micro-mechanical
property values, such as Young’'s modulus and hardness of the individual hydrated
phases using an Agilent (now Keysight, USA) Nanolndenter® G200 system fitted with a

Berkovich indenter tip.
3. Results and discussion
3.1. Thermogravimetric analysis (TGA)

For a better understanding of the hydration process in cementitious materials, it is
important to quantify the amount of hydration products formed as a function of time.
There are no direct methods for the quantification of C-S-H in hydrated paste due to its
variable stoichiometry. However, some methods may be used for the quantification of
the hydrated products such as quantitative XRD by Rietveld refinement, optical
microscopy using point counting, the Bogue method and degree of hydration [43-45].
DOH is the most widely used method for the quantification of hydrated products in
cementitious system. Several authors have reported different methods for the
determination of DOH such as, the amount of CH in the paste, quantity of the

chemically bound water, specific gravity of the paste, fraction of unhydrated cement,
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liberated heat of hydration, strength of the hydrated cement, etc. [46-50]. Non
Evaporable Water (NEW) is one the most widely used method to determine the DOH in
hydrated cement paste [49]. However, this method has some limitations with SNPs
incorporated samples because in presence of SNPs polymerization in silicate chain
accelerated and due to higher polymerization in silicate chain the NEW content reduces
down and thus the degree of hydration also decreases [51, 52]. During the
polymerization process, combined water in silicate chains can be released, resulting in

a decrease of NEW content of the paste [53].
(Siz07)% + (Siz07)" —  (Sis013)* + H20 Eq. 7

Another extensively used method to determine the DOH is the content of portlandite
(CH) formed during the hydration process [54, 55] using equation 6. The amount of CH
formed on complete hydration cannot be equal in control and SNPs incorporated
samples because Ca?* are consumed by SNPs and forms additional C-S-H through
nucleation and pozzolanic reaction. It is reported that ~70% C3S hydrates in 28 days
and almost completely hydrate in 1 year [56]. The theoretical equation for the complete

hydration reported in the literature is as follows [57]:
3Ca0.SiO; + (3-x+ty)H,O —>  Ca0().Si0.H,0) + (3-x)Ca(OH)-

Where, x should be close to 2, and experimentally it was found that the value of x varies
from 1.5 to 2. The C/S ratio depends on the hydration conditions (bottle, paste), particle
size, age and the analytical method employed [57, 58]. The content of CH at 1 year of
maturity was 1.14 and 0.57 moles for 1 mole of C3S in control and SNPs incorporated
samples, respectively. Thus, the complete hydration reaction for the C3S hydration may

be as follows:
3C30.Si02 + 5.07H20 —> CaO(llge).SiO.Hzo(glge) + 1.14C8.(OH)2
While for SNPs incorporated samples, the complete reaction may be as follows:

3Ca0.Si0, + 5.07H,0 + 0.38 Si0, —» CaO(2.43).SiO(1_38).H20(4_5) + 057C&(OH)2

10
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The value of y may vary from the theoretical value as the water amount calculated

through the TGA is the only chemically bound water. The unreacted C3S was calculated

from degree of hydration (1- a). In the case of the stoichiometry of C-S-H gel, the water

content was experimentally measured from the differences obtained between the mass

loss between 105 to 400°C; the CaO and SiO, were adjusted by mass balance between

the initial and final products of the reactions. Hf represents the free water content which

is not chemically bounded with hydrated compounds known as evaporable water.

CsS at 1h
3Ca0.SiO; + 5.07H20

CsS at 3h
3Ca0.SiO; + 5.07H20

CsS at 4h
3Ca0.SiO; + 5.07H,0

CsS at 8h
3Ca0.SiO; + 5.07H,0

CsS at 15h
3Ca0.SiO; + 5.07H,0

CsS at 24h
3Ca0.SiO; + 5.07H20

In the presence of SNPs

C3S+10%SNPs at 1h
3Ca0.SiO;, + 0.38nSiO,+ 5.07H,O0 ——»  0.040(CaO(z.5) SiOz6.75) 3.42H,0) + 0.15nSiO;

0.034(CaO1.g5 SiOz 2.23H,0) + 0.039Ca(OH),
+0.966(3Ca0.Si0,) + 4.95H{ Y ... 0

0040(Ca0185 SIOZ 201H20) + 0046C&(OH)2
+0.96(3Ca0.Si0y) + 4.9H 4 ... (ii)

0.046(Ca0; g7 SiO, 1.49H,0) + 0.052Ca(OH),
+0.954(3Ca0.Si0,) + 4.9HA ... (iii)

0.11(CaOy g, SiO, 1.60H,0) + 0.13Ca(OH),
+0.89(3Ca0.Si0,) + 4.76HF 4+ ... (iv)

0.48(CaO1 g5 SiO» 1.36H,0) + 0.55Ca(OH),
+0.52(3Ca0.Si0,) + 3.87HFY ... v)

052(C8.0185 S|02 148H20) + 060C&(OH)2
+0.48(3Ca0.Si0y) + 3.67HIA ... (vi)

+0.023Ca(OH), + 0.96(3Ca0.SiOy) + 4.9Hf4
........... (vii)

11



CsS + 10%SNPs at 3h
3Ca0.SiO; + 0.38nSiO,+ 5.07H,0

C3S + 10%SNPs at 4h
3Ca0.SiO, + 0.38nSiO,+ 5.07H,0

C3S + 10%SNPs at 8h
3Ca0.SiO, + 0.38nSiO,+ 5.07H,0

0.085(CaO 243 SiOz.ss) 1.55H,0) + 0.13nSi0,
+0.049Ca(OH), + 0.92(3Ca0.Si0,) + 4.89Hf*

0.12(C80(2.43) Si02(3.33) 314H20) +0.10n8i02
+0.068Ca(OH), + 0.88(3Ca0.Si0,) + 4.6Hf*

0.65(Ca0 243 SiOz (154 1.10H,0) + 0.03nSiO,
+0.37Ca(OH), + 0.35(3Ca0.Si0,) + 3.98 Hft

C3S + 10%SNPs at 15h
3Ca0.Si0O, + 0.38nSiO»+ 5.07H,0 _— O.70(CaO(2,43) SiOz(l,s) 14H20) + 0.02nSiO-,

+0.40Ca(OH), + 0.30(3Ca0.Si0,) + 3.69 Hit

C3S + 10%SNPs at 24h

3Ca0.Si0;, + 0.38nSiO+ 5.07H,0 ———  0.74(CaO.4) SiOzs) 1.62H,0) +0.42Ca(OH),

296
297

298
299
300
301
302
303
304
305
306
307
308

+ 0.26(3Ca0.Si0,) + 3.45Hf4 ... (xii)

These results show that addition of SNPs results in the formation of C-S-H exhibiting
low C/S ratio in the first hour of hydration. Formation of higher amount of C-S-H and
lesser CH content at 1 h of hydration indicates the lower Ca** concentration in pore
solution than the control, which accelerates the hydration rate of C3S. Reduction in Ca?*
concentration was also observed in our previous study, where we monitored the Ca**
concentration using Inductive Couple Plasma (ICP), showing that Ca?* concentration
reduces in initial first few minutes of hydration due to formation of additional C-S-H
nuclei, which further accelerates the hydration rate (Fig. 3) [34]. As evident from
equation (i) and (vii), the acceleration in hydration is ~15% only at 1 h of hydration, but it
increases up to 83% at 8 h of hydration as compared to control showing the nucleation
effect of SNPs. In SNPs incorporated samples maximum hydration rate was observed

at 8 h of hydration, while in control sample, this maxima was observed at 15 h of

12
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hydration, showing a shift in acceleration period (Fig. 4). These results are in agreement
with our earlier findings, where we observed that maximum Ca** concentration was
observed at 4-6 h in SNPs incorporated samples, while in case of control sample
maximum concentration of Ca** was appeared at 10-12 h of hydration (Fig.5) [35]. Fig 6
(a and b) shows the mass percentage of hydrated and unhydrated products at different
time intervals of hydration process. These results show that in control samples
hydration rate increases gradually up to 15 h and then reaches to its steady state level,
while in case of SNPs incorporated samples hydration rate increases rapidly up to 8 h
and then steady state level is achieved, showing good agreement with our previous
finding regarding shift in acceleration period [35]. Further, the results clearly shows that
in SNPs incorporated samples upto 8 h of hydration, CH and C-S-H content was found
to be higher and ~70% C3S gets hydrate, while in case of control, less than 20% of C3S
gets hydrate. However at 24 h of hydration, C-S-H content was higher, while the CH
content was found to be lower in SNPs incorporated samples. These results shows
dominant nucleation effect of up to 8 h and then pozzolanic effect were found to be
dominant up to 24 h of hydration showing good agreements with our previous results
[34-36]. Further, it was observed that at 24 h of hydration 43% unhydrated C3S was
found in control samples, while in SNPs incorporated samples, only 21% unhydrated
C3S was left showing 51% acceleration in hydration process as compared to control. It
was also found that the total reduction in CH content on complete hydration in presence
of SNPs was found to be 1.5 times of SNPs content added with C3S.

3.2. Reactivity of SNPs in lime paste

Madani et al. [59] studied the pozzolanic reactivity of nanosilica hydrosols in cement
and lime paste and have reported that 90% CH is consumed within 72 h of reaction but
the amount of SNPs reacted at this time was not mentioned. Pozzolanic reactivity of
SNPs with lime within first 24 h of reaction was evaluated in the mixtures having 0.5,
1.0, 1.5 and 2.0 C/S ratio (in mole) and compared. Unreacted SNPs and CH content
was determined using equation 4 and 5, respectively and water content in C-S-H was
experimentally measured from the differences obtained from the mass loss between
105 to 400°C. The CaO and SiO; in C-S-H were adjusted by mass balance between the
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339 initial and final products of the reactions. These results show that SNPs reactivity at 1 h
340 increases as the C/S ratio is increased due to the availability of Ca. At 1 h of reaction,
341 only 20% SNPs is consumed in 0.5 C/S lime paste sample, while 50% SNPs reacted in
342  the mixture having a C/S ratio 2.0. Fig. 7 shows the reactivity of SNPs and CH at
343  different time intervals of reaction in various lime paste samples. It clearly indicates that
344 at 24 h of reaction, in the mixture having low C/S ratio (0.5 and 1.0), CH is almost
345 completely consumed, while SNPs reacts more than 85%. However, with 1.5 C/S ratio
346  mixture, SNPs reacted almost completely and ~90% CH is consumed, while in higher
347 C/S ratio mixture i.e. 2.0, SNPs completely reacted and 75% CH is consumed.
348 Therefore, it may be concluded that almost all SNPs may react within 24 h if sufficient
349 lime (~1.5 times) is available. However, this condition may vary in cementitious system
350 due it its heterogeneous nature as the presence of other mineral phases may
351 alter/hinder the reaction kinetics.

At 1h
0.51Ca(OH); + 1.035nSi0, + 11.11H,0 —» 0.2(CaO. SiO, 1.15H,0) + 0.11Ca(OH),
+0.83nSi0,+9.85HF + ... (xiii)
0.75Ca(OH); + 0.75nSi0, + 11.11H,0 4 0.17(Ca027 SiO; 1.18H,0) + 0.25Ca(OH);
+0.435nSi0, + 8.98Hf 4 ... (xiv)
0.88Ca(OH); + 0.585nSi0, + 11.11H,0 —» 0.15(Ca03.2 SiO; 1.15H,0) + 0.387Ca(OH),
+0.57nSi0, +9.57Hf *+ ... (Xv)
0.96Ca(OH); + 0.48nSiO,+ 11.11H,0  ——»  0.23(CaO165 SiO, 1.10H,0) + 0.58Ca(OH);
+0.25nSi0, + 9.43Hf 4 ... (xvi)
At 24h
0.51Ca(OH) +1.035nSi0, +11.11H,0  —— 0.88(Ca0 s SiO, 1.81H,0) + 0.001Ca(OH),
+0.15nSi0, +9.3Hf4 ... (xvii)
0.75Ca(OH),+0.75nSi0,+11.11H,0 —— 0.6(CaO143 SiO, 1.75H,0) + 0.015Ca(OH),
+0.1nSi0, + 9.34Hf* ... (xviii)
0.88Ca(OH),+0.58nSi0,+11.11H,0 —» 0.586(Ca0y.33 SiO, 1.81H,0) +0.097Ca(OH);
+0.01nSi0O, + 9.21HF 4 ... (xix)
0.96Ca(OH),+0.48nSi0,+11.11H,0 — 0.48(Ca01 5 Si0; 1.91H,0) + 0.25Ca(OH),
+0.001nSi0,+ 8.95 Hf4 ... (XX)
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3.3. Fourier transform infrared spectroscopy (FTIR) and 2°Si-Nuclear magnetic

resonance (**Si-NMR) results

Structural changes occurred in C-S-H gel, during the early stage of hydration, in
presence of SNPs were monitored by #°Si NMR technique. ?°Si NMR spectrum of
anhydrous C3S shows 3 distinct peaks of SiO, tetrahedral in the range from -67ppm to
-78 ppm [60]. At 1 h and 8 h of hydration, in control samples, there is a negligible
change in the spectra of C3S, only the intensity of anhydrous peak reduces showing the
progress of hydration (Fig. 8a(i) and 8a(ii)), while in SNPs incorporated samples, a
broader resonance is observed at 1 h of hydration indicating the formation of hydrated
layer having amorphous nature (Fig. 8b (i)) [60]. At 8 h of hydration, relatively small
peaks of Q'& Q? are observed showing the higher rate of polymerization in silicate chain
of C-S-H gel in presence of SNPs (Fig. 8b (ii)) [60, 61]. In case of control samples, this
polymerization is observed at 15 h and 24 h of hydration (Fig. 8a (iii) and (iv)), while in
SNPs incorporated samples, intense Q? and a small peak of Q2 is also observed (Fig.
8b (iii) and (iv)) [62]. Similar trend of results are observed in FTIR analysis of hydrated
sample at 24 h of hydration. In case of control samples, a shift in C3S peak is observed
in Si-O stretching region towards higher frequency with the hydration. At 24 h of
hydration, characteristic peak of C3S at 940 cm™ shifted to 1100 cm™ indicating the
formation of hydrated products (Fig. 9). While in SNPs incorporated samples, a sharp
peak is observed at 968 cm™ with a shoulder at 1100 cm™ and a small bump just above
1200 cm™*(Q® peak) (Fig. 9), which are the characteristic peaks of tobermorite
(CasSig016(0OH)2.7H,0) in Si-O stretching region [63-66]. These results indicate that

SNPs accelerate the formation of well ordered more polymerized silicate chain.
3.4. Nanoindentation results

Recognising the high heterogeneity of hydrated cementitious paste the application of
the indentation technique is challenging as it is almost impossible to place indents on a
specific material phase with sufficient repeatability. This challenge has been tackled by
performing large number of indentation grids on the surface of a heterogeneous
material. Statistical analysis of the obtained bulky array of indentation tests and a

subsequent statistical deconvolution of the indentation results is then carried out to
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determine the mechanical properties for each material phase. From the obtained result
histograms for Young’'s modulus and hardness the probability density functions are
created. Through simultaneous curve-fitting of both types of experimental results with
multimodal Gaussian distribution curves, with each curve representing a material phase,
using nonlinear least squares method it is then possible to determine the corresponding

mechanical property values and phase content (Equation 7).

f@x,y,0) = —=exp (- L) (Eq. 7)

Where, | is the mean value and ¢ is the standard deviation of the distribution curve that
is related to the mechanical property of an individual material phase. This approach is
known as statistical or grid nanoindentation technique and was first reported in 2004
[20].

For each sample, 640 results were obtained by nanoindentation. The specific
mechanical properties for individual hydrated phases (LP C-S-H, LD C-S-H, HD C-S-H,
and CH) were extracted by statistical analysis/deconvolution technique. In Fig. 10, the
statistical histogram plots of the Young's modulus results, fitted with 4 Gaussian
distribution curves are presented for control and SNPs incorporated C3S samples at 15
h and 24 h of hydration, respectively. For low density (2" peak from the left) and high
density C-S-H (3" peak from the left), Young’s modulus values of LD C-S-H ~22 GPa
and HD C-S-H ~30 GPa, respectively were determined from the deconvolution of the

statistical nanoindentation data.

The extracted mechanical property values are in good agreement with the results
reported in the literature, although those were mainly measured on cementitious
systems hydrated for at least 28 days [67, 68]. Additionally, results appear to support
the theory that the C-S-H structures formed by the hydration of Portland cement and
C3S are of the same nature. Early age cementitious paste for all phase distribution plots
(Fig. 11) show large quantities of loose-packed (LP C-S-H) and low density C-S-H (LD
C-S-H). In general, with progress of hydration a shift from the lower qualities of C-S-H
towards higher quantities of high density C-S-H (HD C-S-H) was noticeable. Regarding
C3S pastes with SNPs addition, the nanoindentation results on such systems show in
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comparison to their reference materials higher quantities of HD C-S-H. At the same
time the contents of LP C-S-H and LD C-S-H were found to be significantly smaller.
Additionally, the number of test results with a Young’s modulus of less 50 GPa, which is
expected to be the range for hydration products, was higher thus suggesting a higher

degree of hydration. This appears to support well the findings made by TGA.
4. Conclusion

Properties of concrete, such as strength, porosity, permeability, durability etc. depend
on its main hydrated product i.e. C-S-H. In hydrated paste, it is present in the form of
gel like network with variable stoichiometry. Incorporation SNPs not only affects the
early stage hydration phenomenon but also the mineralogy and morphology of hydrated
products. In the present paper we have quantified the C-S-H gel formed as well as the
mineralogical changes occurring in C-S-H gel by the addition of SNPs at early stage of

hydration. The major findings are:

1. SNPs accelerates the hydration rate of C3S maximum during acceleration period
(4-8 h) showing the nucleation effect of additional C-S-H seeds formed on the
surface of SNPs during pre-induction period of hydration. Further, it was
observed that C/S ratio reduces from 1.86 to 1.6 with the incorporation of SNPs
at 24 h of hydration, showing higher polymerization in silicate chain.

2. SNPs shows dominant nucleation effect at 8 h of hydration because at this time
of hydration the amount of hydrated products was higher (~85% additional C-S-H
and ~60% more CH) than the control. At 24 h of hydration, the amount of C-S-H
was higher (~43%) and CH content was lower (~25%) than the control, indicating
the pozzolanic reactivity of SNPs.

3. Results of mass fraction distribution of hydrated and unhydrated products during
early stage hydration process show that C3S hydration rate accelerate ~80% at 8
h of hydration, while ~51% at 24 h of hydration. Further, it was observed that in
control sample steady state hydration rate achieve after 15 h of hydration, while

in SNPs incorporated samples, this stage was observed after 8 h of hydration.
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. Selective dissolution results indicate that SNPs completely reacted within 24 h of

hydration and it was evaluated experimentally that 0.38 moles of SNPs

consumed 0.57 moles of CH which are 1.5 times of SNPs content.

. Similar results were observed in SNPs and lime paste samples. These results

show that SNPs reactivity increase with C/S ratio. At 24h of reaction in lower C/S
ratio (0.5 and 1.0) ~83% SNPs is reacted while with high C/S ratio mixture i.e.

1.5, SNPs reacted almost completely

. SNPs accelerate the polymerization of silicate chain in C-S-H gel (presence of

intense Q? peak and small Q® peak) which leads to the formation of tobermorite
like structure (presence of four characteristics peak in Si-O stretching region) at
24 h of hydration.

. Nanoindentation results clearly show that SNPs not only accelerate the hydration

rate but also improved the packing density of C-S-H particles. At 24 h of
hydration, in SNPs incorporated samples LD C-S-H reduces ~52% while HD C-
S-H content is increased by ~40% compare to pure C3S paste indicating the

formation of more compact and dense microstrucrure.

Therefore, it is evident from the experimental results that addition of SNPs
accelerates the hydration rate at early age (within 24 h of hydration) and helps to

promote the formation of high density (HD) C-S-H.
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