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a b s t r a c t

To understand the effects of colloidal nanoSiO2 (CNS) on cement hydration and gel properties in the early
and later age, hydration heat, calcium morphology, hydroxide content, non-evaporable water (NEW)
content and nanoscale mechanical properties were measured. Some comparison studies were conducted
on silica fume (SF) paste, as well. Results revealed that the accelerating effect of CNS on hydration in the
early age is achieved by the acceleration of cement dissolution and hydrate nucleation on reacted nano-
SiO2 particles. Although cement hydration can be greatly accelerated by CNS in the early age, its later age
hydration is hindered. The NEW content of CNS-added paste experiences a higher rate of increase
initially, but gradually becomes smaller than that of the control paste due to changes in the gel structure,
making NEW content an unsuitable method for monitoring the hydration of CNS-added paste. However,
nanoindentation results revealed that CNS modifies the gel structure to increase the high-stiffness C–S–H
gel content.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Nanotechnology has been introduced to cement and concrete
research because it can achieve a stronger and more durable con-
crete [1,2]. As the most widely used nanomaterial for cement/con-
crete-engineering, nanoSiO2 has been studied intensively [3–13]. It
has been widely reported that nanoSiO2 addition can greatly
improve properties of cementitious materials [3–10]. Jo et al. [6]
reported that 6% nanoSiO2 can improve the compressive strength
of concrete by 152% and 142% at 7 and 28 days, respectively; Li
[7] found that 5% nanoSiO2 can improve compressive strength by
17.5% at 28 day; Gaitero et al. [9] revealed reduced calcium leach-
ing of nanoSiO2-added cement pastes. They ascribed it to densifica-
tion of the paste, transforming of Portlandite into C–S–H gel by
means of pozzolanic reaction and modification of the internal
structure of C–S–H gel, all of which make the cement paste more
stable and more strongly bonded [10].

Property evolution of nanoSiO2-added cementitious materials
can be reflected by the effects of nanoSiO2 on cement hydration,
gel property modification, and pore structure refinement
[3,13–16]. Results have shown that the strength enhancing effect
of nanoSiO2 in the early age is related to its hydration acceleration
effect, but its effects in the later age have rarely been reported. For
ll rights reserved.
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the compressive strength enhancing effect of nanoSiO2, it was
found to be more pronounced in the early age, while rate of
strength gain can be lower than the control in the later ages [8].
The difference in the strength gain evolution at the early and later
ages requires that the effect of nanoSiO2 on cement hydration in
both ages be investigated.

Thus, in this study, cement hydration characteristics in the
presence of nanoSiO2 in the early and later ages, including hydra-
tion acceleration rate, hydration acceleration mechanisms, cement
hydration degree, and the resulting gel properties were investi-
gated. All of these results help to provide a comprehensive expla-
nation for the modification effects of nanoSiO2 on cementitious
materials. To make a comparison, effects of silica fume on cement
hydration were also studied.

2. Experimental

2.1. Materials and mix proportions

A type I Portland cement with a Blaine fineness of 385 m2/kg
was used in this study. To facilitate a homogeneous distribution
of nanoSiO2 in cement paste, colloidal nanoSiO2 (CNS), instead of
nanoSiO2 powder, was used. Sodium stabilized CNS with an
average particle size of 10 nm (CNS-10) produced by the sol–gel
technique was used. The basic properties were provided by the
manufacturer [17]. A silica fume was used for a comparison study
with CNS. The physiochemical properties of the raw materials are
given in Tables 1 and 2.

http://dx.doi.org/10.1016/j.compositesb.2012.05.056
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Table 1
Properties of colloidal nanosilica.

CNS Average particle size (nm) SiO2 content (wt.%) pH

CNS-10 10 >99 10.5

Table 2
Physiochemical properties of raw materials.

Materials Type I cement Silica fume

SiO2 20.2 90.1
Al2O3 4.7 0.6
Fe2O3 3.3 2.0
SO3 3.3 –
CaO 62.9 0.5
MgO 2.7 5.1
LOI 1.1 1.0
Total 98.2 99.3
Fineness as surface area (m2/kg) 380 21000

P. Hou et al. / Composites: Part B 45 (2013) 440–448 441
The transmission electron microscopy (TEM) images of CNS-10
in Fig. 1 shows that most of the CNS particles are well-dispersed
but some agglomeration can still occur. The near-perfect sphericity
of the SF particles is evident (Fig. 1) and the spheres are quite
smooth, with no obvious surface morphology. It is also apparent
that SF is composed of various sized particles ranging from several
to dozens of nanometers. XRD spectra shown in Fig. 2 indicate the
amorphous feature of both pozzolans. A similar full width at half
maximum indicates that the two materials have a comparable
crystallinity.

2.2. Sample preparation

Unless stated otherwise, cement pastes mixed with and without
5% CNS/SF at a w/b ratio of 0.4 were prepared and investigated
throughout this study. Samples were demolded 1 day after casting
and were cured in saturated lime solution at room temperature un-
til testing.

For the pozzolanic activity study, 20 g of chemical grade cal-
cium hydroxide (CH) were mixed with 5 g of CNS/SF at a w/b of
2 to simulate a cement-CNS/SF system. It was assumed that 20 g
of CH can be generated by 100 g of cement [18]. After mixing, sam-
ples were sealed in plastic vials. The CH content at different ages
were determined by a TGA technique.

2.3. Test methods

2.3.1. Hydration heat
The hydration temperature of each paste was measured by a

semi–adiabatic calorimeter to assess the effect of CNS/SF on the
CNS-10 (TEM)

Fig. 1. Morphology ima
hydration heat of cement. Samples were prepared at a w/b ratio
of 0.4, with 100 g of cement and mixing water at a temperature
of 27 �C. Mixes were cast in £5.08 cm � 10.16 cm plastic cylinders
within 3 min after initial cement and water contact. The sample
was then covered, placed in the calorimeter, and the temperature
of the sample was recorded every 3 min for 20 h.

2.3.2. Morphology
Hitachi S-4800 FE-SEM and Hitachi S-3400 (equipped with

backscatter electron detector) were used to analyze the morphol-
ogy of the cement paste. Small fractured samples or powder sam-
ples at very early hydration ages were soaked in acetone to stop
hydration and dried at 80 �C for 2 h. Then the sample was coated
with 20 nm of gold to make it conductive.

2.3.3. CH content
Thermogravimetric analysis (TGA, TGA/sDTA 851) was carried

out to measure CH content. The weight loss between 440 �C and
510 �C was considered to be the decomposition of CH. Before mea-
suring, samples were oven – dried at 105 �C for 4 h. CH contents
were calculated on the ignited basis at 950 �C for 30 min.

2.3.4. Non-evaporable water (NEW) content
At the end of curing, the core of the sample was crushed into

small pieces and immediately immersed in acetone to stop hydra-
tion, as well as to minimize carbonization. Before measuring the
NEW content, samples were oven – dried at 105 �C for 4 h and then
ground to pass the 100 mesh size (ca. 150 lm) sieve. The NEW con-
tent was measured as the weight loss of the sample between
105 �C and 950 �C. After firing at 950 �C for half an hour, the sample
weight loss was measured and NEW was calculated on the ignited
basis at 950 �C for 30 min of the sample using Eq. (1). For each mix,
three samples (ca. 2 g of each) were measured and the average va-
lue was taken as the representative value.

NEW% ¼ 100� w105�C �w950�C

w950�C
� fcem � losscem þ fFA � lossFAð

�

þ fCNS=SF � lossCNS=SF
��

ð1Þ

where w is the sample weight, f is the weight percentage of
material.

2.3.5. Nanoscale mechanical property
To determine the effect of CNS on the nanoscale mechanical

properties of cement paste, a statistical nanoindentation technique
was applied, through which the intrinsic gel modifying effect of
CNS can be shown. During this test, a load of 1000 lN was applied
with a triangle diamond Berkovich indenter with a total included
angle of 142.3� to make an indent on the surface of the sample.
SF(SEM) 

ges of CNS and SF.
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Fig. 2. XRD spectra of CNS and SF.
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The elastic modulus of the sample can be calculated from the
known properties of the indenter and the unloading part of the
load – displacement curve, shown in Fig. 3. Irregular nanoindenta-
tion curves due to the presence of voids and cracking of the sample
were discarded [19,20]. Statistical nanoindentation tests were car-
ried out over three different areas of the gel phase on each sample.
Over each area, 64 indents (10 lm grid point distance) were
performed.

For a reliable measure of the local mechanical properties, the
sample must have a flat surface [19]. In this study, samples were
cast in 2 cm � 2 cm � 8 cm molds. After 1 day of casting, samples
were demolded and cured in saturated lime water at room temper-
ature. Before testing, thin sections of approximately 5 mm were
cut out of the specimens and mounted on a metal sample holder
Fig. 3. Schematic diagram of nanoindentation and the typical load
for polishing. The surface of the samples were polished using sili-
con carbide paper of gradation 22 lm, 14.5 lm, and 6.5 lm, and
diamond lapping film of gradation 3 lm and 1 lm. Water was used
for the duration of the polishing process. The polishing time was
2 min for the first 3 polishing steps and 2 h for each of the diamond
polishing steps. In the final step, the polished samples were ultra-
sonically cleaned in water for 1 min using a bath sonicator to re-
move polishing debris from the sample surface. The smoothness
of the sample surface was checked by SEM, as shown in Fig. 4.
The root mean-squared (RMS) average roughness, obtained by
Atomic Force Microscopy (AFM), for an area of 40 lm � 40 lm
was 113 nm for the 5 month old control sample, which is compa-
rable to the published data [19].
3. Results and discussions

3.1. Pozzolanic activity

To evaluate the pozzolanic activity of CNS, the CH adsorption
capacity of CNS was investigated and a comparison study was
made with silica fume.

It can be seen in Fig. 5 that after 7 days of hydration, the pozzo-
lanic reaction of CNS is almost complete. However, for silica fume,
it takes as long as 1 month for the completion of this reaction. Sim-
ilar results can be seen in Ref. [21]. The difference in activity be-
tween CNS and SF can be due to the variation in their chemical
structure: the unsaturated Si–O bonds on the CNS particle surface
make the pozzolanic reaction happen quickly. However, for SF, a
prior step of breaking the saturated Si–O bonds on its surface,
which is relatively slow, makes the reaction slower [22]. The differ-
–displacement curve and the indent image on cement paste.
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Fig. 5. CH adsorption capability comparison of CNS and SF (w/b = 2).

Fig. 6. Strength improving effects of CNS and SF, Compressive strength ratio ¼
100%� strength of mix with CNS=SF

Strength of control mix , w/b = 0.5, the fluidity of all mixes were adjusted by
water reducer to achieve 210 mm.

Fig. 4. Polished control sample of 5 months old.
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ence in final CH consumption can be due to the difference in hydra-
tion degree of these two pozzolans. When assuming all CNS takes
part in the pozzolanic reaction, a Ca/Si ratio of hydrates of 1.7 can
be calculated, which is the same as plain cement paste [23].

3.2. Hydration modification

3.2.1. Strength evolution
Modification caused by the cement hydration of small particles

can be reflected by their effect on the mechanical properties of
cementitious materials. The strength enhancing effects of CNS
and SF were measured in 40% fly ash replaced cement mortars. It
is shown in Fig. 6 that CNS has a more pronounced enhancing ef-
fect in the early age: for the 5% CNS mix, compressive strength
can be improved by as much as 16% and 45% at 3 and 7 days,
respectively. Meanwhile, the strengths of the 5% SF mix at these
ages were lower than 10%. However, the strength gain of both
pozzolans in the later age are comparable. The lower compressive
strength of 5% CNS-added mortar compared to the control at
84 days can be due to the hindrance of cement hydration as
described in Section 3.2.4.

3.2.2. Hydration heat
The semi-adiabatic calorimetry results of the control and sam-

ples with various additions of CNS-10 and SF are shown in Fig. 7.
It is clearly demonstrated that the addition of CNS increases both
the hydration peak temperature and the reaction rate, the latter
of which is shown by the 1st derivation of the hydration tempera-
ture curve. Similar effects can also be seen in SF-added cement
pastes. It is well known that cement hydration is a dissolution-pre-
cipitation process [24] and the acceleration of this process can be
monitored by the evolution of pH value and electrical conductivity
(revealing the ion concentration) of the paste solution. It is shown
in Fig. 8 that the addition of CNS introduces a higher rate of in-
crease in pH and electrical conductivity in the early age (effects
of CNS on pH and electrical conductivity were negligible), meaning
a quicker dissolution of cement particles. The decrease in electrical
conductivity is due to the adsorption of ions by the C–S–H gel and
the sharper decrease exhibited by the CNS-added cement solution
indicates a greater gel formation [25]. When small particles are
evenly distributed in cementitious materials, they act as nucleation
sites, which will benefit the hydration process [11,12,26]. The
accelerated dissolving process can also be observed in SEM images,
shown in Fig. 10.

A comparison of the effect of CNS and SF on the rate of cement
hydration is shown in Fig. 9. It demonstrates that CNS accelerates
cement hydration at a higher rate and this can be due to the higher
amount of nucleation sites, which results in a greater amount of
nucleus formation [27]. However, it is also demonstrated in Fig. 9
that the hydration peak temperature of 5% SF-added paste is higher
than that of CNS paste, implying a higher degree of cement hydra-
tion in SF-added paste. Similar results were shown by Thomas et al.
[11], as well as some contradicting results elsewhere [6].

The degree of acceleration in hydration of small particles can be
due to the effect of nucleus size on nucleation sites [27]. According
to the heterogeneous nucleation theory, the nucleation free energy
can be related to the volume of the solid nucleus, which can be
illustrated in the following equation

DG� ¼ 1
2

V�DGV ð2Þ

where DG⁄ is the critical nucleation free energy, which depends on
the crystalline structure and cell parameter of the nucleus and
nucleation sites (assumed to be equal for CNS and SF); DGV is the
volume energy of solid nucleus, which depends on the particle
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composition (assumed to be the same for CNS and SF); V⁄ is the crit-
ical volume of nucleus.

For the heterogeneous nucleation of C–S–H gel on CNS/SF sur-
faces, the volume of the nucleus should reach the critical volume.
Although there are more nucleation sites in CNS-added paste, the
probability of reaching the critical volume is lower, and thus the
hydration heat can be smaller.

3.2.3. Morphology
The effect of CNS on hydration in the early age were investi-

gated by the SEM technique (FE-SEM 4800). Noticeable changes
in the appearance of the paste morphology were observed in
CNS-added cement pastes.
The SEM images, Fig. 10, show the typical morphological
features of cement or cement paste at various ages. Cement grains
exhibit irregular shapes with flat surfaces covered by small debris.
After 1 h of hydration, for the plain cement paste, there are many
pits on the cement particle surface – these are due to the dissolu-
tion of the cement particle after meeting water [28]. Meanwhile,
some needle-like hydrates appear on the cement particle surface.
For the CNS-added paste, the surface is more seriously eroded,
indicating a greater extent of dissolution. However, the character-
istic needle-like hydrates are more difficult to see. A distinct
feature of CNS-added paste is that the cement particles are covered
with small particles that are ca. 50 nm. These can be the reacted
CNS particles, which are larger than their original size of 10 nm,



Cement 

0%CNS, 1h                      5%CNS, 1h 
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Fig. 10. SEM images of the evolution of cement at different ages.
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indicating hydration of CNS. This shows that the hydration acceler-
ation effect of CNS is achieved through the hydration of CNS. This
can be supported by the hydration heat calorimetry results of
CNS and C–S–H seeded pastes [11,12], the former of which shows
an accelerated induction period, while, for the latter no such period
occurs.
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After 2 h, the control paste shows no obvious change in mor-
phology from the 1 h old control paste due to the induction phase.
However, in CNS-added paste, significant hydration can be ob-
served: more hydrates are compacted around CNS particles and
some cluster hydrates can be seen.

After 4 h, both samples are covered with immature needle-like
hydration products [29]. It is apparent that the population of these
products in the CNS – added paste is significantly higher than that
of the control paste and the products are more compacted, as well.
After 3 days of hydration, both of the pastes are characterized by
the featureless and densified gel structure with amorphological
CH [29]. However, it is still apparent that the CNS paste is more
mature than the control paste.

The hydrate morphology evolution of CNS-added cement pastes
indicates that the hydration acceleration effect of CNS is achieved
by its high pozzolanic activity in the very early age, which gener-
ates C–S–H gel and then acts as nucleation sites to accelerate ce-
ment hydration. The hydration acceleration mechanism revealed
by the SEM images can be verified by comparing the morphology
evolution of CNS-added cement paste and of C–S–H seeded C3S
paste, as shown in Ref. [12], the latter of which shows a faster for-
mation of new hydrates but no prior step of nucleus formation.
3.2.4. Calcium hydroxide (CH) content
Cement hydration produces CH while pozzolanic reaction con-

sumes CH. The effect of CNS on cement hydration can be monitored
by the formation of CH.

It is shown in the inserted plot of Fig. 11 that during the first 8 h
of hydration, the CNS addition can increase the CH content: the CH
content of 5% CNS-added paste is ca. 30% greater than that of the
control paste at 4 h of hydration. A higher CH content is reached
earlier than SF-added paste [30]: there is no difference in CH con-
tent between the control paste and the SF-added paste before 8 h
of hydration, which reflects the higher hydration acceleration
effect of CNS. The reduction in CH content in CNS-added paste
afterwards is due to the pozzolanic reaction.

The effect of CNS on cement hydration can be evaluated by the
difference in CH content between pastes with and without this
pozzolan. This effect can be shown more apparently in the later
age, during which the pozzolanic reaction has finished. The CH
content disparity shown in Fig. 12 at different segments can be
attributed to different reasons. Before 7 days, the pozzolanic reac-
tion of CNS is accounted for by the CH content reduction. Although
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Fig. 11. Effect of CNS-10 nm on CH content of cement paste.
the pozzolanic reaction is almost complete after 7 days (Fig. 5), the
disparity in CH content keeps increasing, which implies a slowed
CH generation and cement hydration of CNS-added paste in the
later age. This was confirmed by the backscattered scanning elec-
troscopic images shown in Fig. 13 (the white particles are the
unhydrated cement particles). Image analysis shows that after
8 months of hydration, 96.8% cement has been reacted in control
paste. However, only 89.4% took part in the reaction in 5% CNS-
added paste. A coating of hydrates was observed on unhydrated
cement particles of 23% CNS-added C3S paste, which is considered
to be less permeable and hinders C3S hydration in the later age
[31].
3.2.5. Non-evaporable water (NEW) content
NEW content measurement is one of the most intensively used

methods of monitoring cement hydration. To quantitatively eluci-
date the effect of CNS-10 on the hydration of cement, NEW con-
tents at different hydration ages were measured.

It can be seen in Fig. 14 that CNS addition has greatly changed
the NEW evolution process. During the first 24 h of hydration,
CNS can greatly increase the NEW content of cement paste. For
example, 5% CNS addition can increase NEW content to a degree
of about 50% at 4 h. However, after 3 days, NEW content of CSN –
added paste becomes lower than that of the control. Two months
later, the NEW content of 5% CNS – added paste is 10% lower that
the control paste.

A similar phenomenon was observed in SF-added cement paste.
It is shown in Fig. 15 that before 28 days of hydration, SF addition
increases the NEW content. However, the NEW content of SF–
added paste becomes lower than the control after 1 month.

As the pozzolanic reaction is a water-intake process other than
that from CH [32], the decrease in NEW content can be due to gel
structure modification. Gaitero [3] used the 29Si MAS–NMR tech-
nique to study the silicate tetrahedron evolution of cement paste
and showed that the mean chain length of 0% and 8% nano-SiO2-
added gels were 2.9 and 3.5, respectively. During the polymeriza-
tion process (Eq. (3)), combined water in silicate chains can be
released, resulting in a decrease of NEW content of the paste [30].

ðSi2O7Þ6� þ ðSi2O7Þ6� ¼ ðSi4O13Þ10� þH2O ð3Þ

From the discussion, it is known that NEW measurement is not va-
lid for monitoring the hydration of cement pastes with pozzolanic
materials such as CNS and silica fume [27]. This was also found in
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high volume fly ash cementitious materials system [33,34]. And the
lower NEW content of the CNS-added paste compared to the control
early on may indicate an earlier occurrence of the average silicate
chain elongation.

From this it can be deduced that the effect of CNS on gel prop-
erties can be a critical factor in influencing the properties of
cementitious materials, Therefore its nanoscale mechanical prop-
erties were investigated.
3.3. Nanoscale mechanical property

Studies have shown that the nanoscale mechanical properties of
C–S–H gel are intrinsic properties. For plain cement paste, five
different phases are determined by the grouping of the elastic
modulus, which are porous phase (ca. 0–10 GPa), low-stiffness
(ca. 10–25 GPa) and high-stiffness (ca. 25–35 GPa) C–S–H gel, cal-
cium hydroxide (ca. 35–45 GPa) and clinker (>45 GPa) [35].

To evaluate the effect of CNS on the gel properties, the elastic
modulus of the 5 month old cement paste with and without 5%
CNS-10 were measured and are shown in Fig. 16. In this graph, data
smaller than 10 GPa or higher than 50 GPa, which are attributed to
porous and clinker phases, are excluded in the analysis.

It can be seen in Fig. 16 that for the plain paste, the main peak of
the elastic probability plot falls in the low-stiffness gel region (ca.
10–25 GPa). When CNS was added, the high-stiffness gel region is
more pronounced, which indicates an increase in high-stiffness
C–S–H gel. When taking the degree of cement hydration into con-
sideration, shown in Fig. 13, it is evident that the increase in high-
stiffness gel is caused by the pozzolanic reaction of CNS. An
increase in high-stiffness C–S–H gel content was also observed in
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carbon-nanotube-incorporated cementitious material [36]. Gaitero
[3] and Mondal [19] compared the nanoindentation results of 6%
and 18% CNS-added pastes and found that the latter has a higher
proportion of the high-stiffness C–S–H gel, which shows a consis-
tent trend with the present results. An obvious reduction in CH
content in the 5% CNS paste, shown by the reduction in the area
of the modulus region 35–45 GPa, can be due to the pozzolanic
reaction of CNS.

Gaitero [3] reported that high-stiffness C–S–H is more resistant
to calcium leaching, thus the addition of nanosilica has a positive
impact on durability.

4. Conclusions

Effects of nano-SiO2 on the cement hydration process, as well as
its influence on the gel structure and nanoscale mechanical prop-
erties of cement paste were studied. Results showed that:

(1) Pozzolanic activity of colloidal nanoSiO2 is higher than that
of silica fume and its hydration acceleration effect is also
higher than silica fume in the early age, but this effect is
comparable to that of silica fume in the later age;

(2) Acceleration of cement hydration and maturation of gel
structure in CNS-added paste is achieved through an acceler-
ation of the dissolution of cement particles and a preferred
hydration and hydrates precipitation on CNS particle sur-
face. Although CNS can accelerate cement hydration to a
great extent in the early age, the later hydration of cement
is hindered;

(3) NEW content measurement is not suitable for monitoring
the hydration process of CNS-added paste, which in the later
age will gradually decrease due to the effect of CNS on the
gel structure;

(4) A reduction in low-stiffness C–S–H gel and an increase in
high-stiffness C–S–H gel can be the result of CNS addition.
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