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ABSTRACT

This research article presents the mechanical properties and thermal conductivity
of cement-based composite containing nano-silica. The effects of nano-silica particle size
(12 nm, 50 nm and 150 nm) and concentration (1 - 5 wt.%) were systematically investigated.
The compressive strength increases with certain amount of nano-silica due to the highly
reactive nature of nano-silica which accelerates cement hydration reaction. Excessive
nano-silica, on the other hand, leads to the decrease in strength since nano-silica absorb
water required for cement hydration. This results in the creation of air void and lowers the
bulk density. The maximum strength is obtained for the cement paste with 50 nm nano-silica
of 4 wt.%. The compressive strength increases more than 50% in comparison to the control
cement paste. For thermal conductivity measurement, adding nano-silica reduces thermal
conductivity of the cement paste. The most effective agent for thermal resistivity is the 12 nm
nano-silica due to the higher volume percent of air void formation. The thermal conductivity
experimental results fit well with the theoretical models: the series model and the Maxwell’s

model.

Keywords: nanoparticles, cement composite, mechanical property, thermal conductivity,
nano-silica, thermal conductivity model

1. INTRODUCTION

Nanoparticles have played an important  use of silica fume in cementitous products in
role in improving properties of cement and  the past [11, 12]. Nano-silica can improve
concrete in recent years. The most widely  the compressive strength of the cement paste
used nanoparticle in cement related research |6, 9], mortar [1, 2] and concrete |3, 8] due to
is nano-silica [1-10] following the successful  the filler effect of nano-size particles making
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the denser products. Also, it can accelerate
the cement hydration through the pozzolanic
reaction to form C-S-H gel more quickly.
Moreover, nano-silica can react with Ca(OH),
crystals to form C-S-H gel and even further
strengthening the composite [1, 2, 4]. Qing
et al. compared the effect of nano-silica and
silica fume addition, and concluded that
nano-silica can improve the mechanical
properties much better than the silica fume
case due to higher reactivity of nano-silica
[6]. Givi et al. studied the size effects of
nano-silica on the mechanical properties of
binary blended concrete. They showed that
the concrete with 15 nm silica particles
have higher strength at the early age as
compared to the concrete with 80 nm silica
particles. This is due to the higher pozzolanic
reaction for the smaller size [8]. However,
nearly all related research have focused on
mechanical properties, durability or
workability of nano-silica cement composite
but reports on other properties are rare.
Thermal conductivity of construction
materials has received a lot of attentions
since it is an important parameter related to
energy conservation in buildings. Addition
of many different materials on the thermal
conductivity of cement-based materials has
been reported, including cellulose and glass
fibre, mineral wool, polystyrene, urethane
foam and vermiculite [13-16]. Silica fume
has also been introduced into cementitious
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materials in order to suppress thermal
conductivity. It was shown that cement
pastes mixed with silica fume exhibits >25%
reduction of thermal conductivity in
comparison to the plain cement paste [17, 18].
Nevertheless, there has not been any report
on thermal conductivity of cement-based
materials mixed with nano-silica. Thus,
it would be of interest to investigate the
effect of nano-silica addition on the
thermal conductivity of the cement paste.

In this paper, we present the results on
mechanical property and thermal conductivity
of cement paste mixed with nano-silica.
The concentration as well as the size of
nano-silica was systematically investigated.
The results were discussed based on cement
hydration reaction and air void formation.
The experimental results were fitted with
thermal conductivity models.

2. MATERIALS AND METHODS
2.1 Sample Preparation

Ordinary Portland cement (OPC)
conforming to the ASTM C150 standard
was used. The chemical and physical
properties of the cement are shown in
Table 1. Three different sizes of nano-silica
particles (the average diameter of 12, 50
and 150 nm) were used in this study.
The properties of the utilized nano-particles
are presented in Table 2.

Table 1. The chemical and physical properties of the Portland cement.

SiO2 AIZO3 FezO3 CaO | MgO K,0 | Na,O SO3 Loss of |Specific surface
%) %) %) %) (%) (%) %) (%) |ignition (%) | area(m?/g)
20.80| 4.70 3.40 [65.30| 1.50 | 0.40 0.10 | 2.70 0.90 0.38
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Table 2. Physical properties of the nano-silica obtained from manufacturers.

Nanoparticle Purity (%) | Loss of ignition (%) | Specific surface area (m?*/g)
Nano-silica 12 nm >99.8 0.2 200
Nano-silica 50 nm =>99.8 0.2 50
Nano-silica 150 nm 299.8 0.2 10

Three series of the nano-silica cement
paste composite were prepared in this study.
Series SA, SB and SC stand for the cement
pastes with different nano-silica sizes of
12,50 and 150 nm, respectively. In each seties,
the mixtures were prepared by substituting
cement with nano-silica at 1-5 % by weight.
The OPC paste was also prepared as a
control sample. In order to obtain well
dispersed nano-particles, prior to mixing
with the cement, a small amount of water
was added to the nano-silica powder and
stirred at high speed (120 rpm) for 1 min.
Subsequently, the wet nano-silica powder
was added to the cement powder. The water
to binder ratio (W/B) for all mixtures
was fixed at 0.5 [1, 7, 10]. The cement - nano-
silica pastes were mixed by a cement mixer

Table 3. Mixture proportions of the pastes.

for 3 min and were cast into 5cmX5cmX5cm
moulds. The pastes were then compacted by
tamping, After pouring into molds, an external
vibrator was used to facilitate compaction
and decrease the amount of air bubbles. The
samples were demoulded after 24 h and then
cured in air at room temperature and a relative
humidity of 100% for 7 and 28 days. The
mix proportions are presented in Table 3.

The workability of the paste was
measured using the penetration test. The
method was adapted from the consistency
test of the paste using the Vicat needle
(ASTMC187-11el) [19]. The Vicat needle was
300 g in weight with a 10 mm diameter
plunger. The penetrations of the plunger into
the pastes were measured as an indicator of
workability of cement paste.

Mixture | Symbol Size of OPC SA SB SC | W/B | Water
no. nano-silica (nm) ) ) ) ) )
1 orcC - 1,600 - - - 0.5 800
2 SA1 12 1,584 25 - - 0.5 800
3 SA2 12 1,568 50 - - 0.5 800
4 SA3 12 1,552 75 - - 0.5 800
5 SA4 12 1,536 100 - - 0.5 800
6 SA5 12 1,520 125 - - 0.5 800
7 SB1 50 1,584 - 25 - 0.5 800
8 SB2 50 1,568 - 50 - 0.5 800
9 SB3 50 1,552 - 75 - 0.5 800
10 SB4 50 1,536 - 100 - 0.5 800
11 SB5 50 1,520 - 125 - 0.5 800
12 SC1 150 1,584 - - 25 0.5 800
13 SC2 150 1,568 - - 50 0.5 800
14 SC3 150 1,552 - - 75 0.5 800
15 SC4 150 1,536 - - 100 0.5 800
16 SC5 150 1,520 - - 125 0.5 800
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2.2 Characterization Techniques

The as-purchased nano-silica particles with
the average diameter of 12, 50 and 150 nm
were characterized by using an X-ray
diffraction (XRD) technique (Bruker D8
Advance) with Cu-Ka radiation. After mixing,
each paste was cured for 7 and 28 days and
was subjected to the following tests. The
morphology of the surface was investigated
under the scanning electron microscope (SEM,
JEOL-JSM-840A). The density of each
sample was measured using an Archimedes
method according to the ASTM B962-08
standard [20]. The percentage of air void
was determined following the principle
described in the ASTM3171-11 standard
[21]. The compressive strength was tested in
accordance with the ASTM C109 standard
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[22]. The strength value is an average of
three measured data. The thermal conductivity
of cach paste was measured by a dynamic
measurement method using the portable
heat transfer analyzer (ISOMET 2114).

2.3 Thermal Conductivity Model

The thermal conductivity data obtain
from the experiment was compared
with thermal conductivity models. For
simplicity, it is assumed that there are
three components in the composite: the
cement paste, the aggregate (nano-silica)
and the air void. The thermal conductivity
and density of each component are given
in Table 4. Four thermal conductivity
models were chosen for the comparison in
this work.

Table 4. Thermal conductivity values of the different phases of cement paste.

Component | Thermal conductivity (W/m-K) Density (kg/m?) Reference
Cement paste 1.019 1984 In this work
Nano-silica 1.38 2533 [23]
Air void 0.026 1.18 24]

2.3.1 Series and parallel model

Mathematical expressions for the average
thermal conductivity K for the series and
parallel approximations are given in Eqs. (1)
and (2). In the series arrangement, the poorest
conductor of its component layer dominates
the overall heat conduction. However, in the
case of a parallel arrangement, the best
conductor dominates the overall heat
conduction [25].

Series: K= k¢ + k¢ + £ @ @
Parallel: K = 1— @)
PETED)

ko kk

a

where K is the thermal conductivity of the
composite, £ is the thermal conductivity of
the cement paste, £ is the thermal conductivity
of the aggregates (in this case nano-silica), £,
is the thermal conductivity of air, ¢ is the
volume fraction of air voids, @ is the volume
fraction of cement paste, and ¢ is the volume
fraction of the nano-silica.

2.3.2 One-dimensional heat flow model
If the higher W/B ratios are used, the
micro/nano pores may develop making
the cement a better insulator. Taking
this consideration into account, the one-
dimensional heat flow model was proposed
to predict the thermal conductivity of the
cement composites as equation (3) [26]:
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k k.
K= +¢")[¢K.k.. ok,

+(pk, + 0.k, }}(l -F) (3)
where P, is the total cement micro/nano
porosity which is defined as

_(w/B)-017H
b= 0.317+(W / B) )

and H represents the degree of hydration
which is assumed to be unity for fully hydrated
cement paste.

2.3.3 Maxwell’s model

The Maxwell’s model was extended by
Brailsford and Major [27] for a wide range
of dispersions. In this model, the constituent
phases are mixed in a definite proportion
for a two-phase system. This mixture is then
embedded in a random mixture of the same
two phase having conductivity equal to
the average volume of the conductivity of
phase system. Thus, the effective thermal
conductivity of such a three-phase system
can be determined as:

3k 3k
kg +k : k.o, £
fet "‘ﬁ"[Zk._ +k‘,J+ ‘eﬁ'[Ek._ +kHJ

3k, 3k, ©)
g+ ¢"('2kl + k] * é"[ék‘, + k]

3. RESULT AND DISCUSSION
3.1 Phase and Morphology

Figure 1 shows the XRD pattern of the
as-purchased nano-silica particles. It can be

K=

seen that every pattern is similar. It shows a
broad peak around 26 of 22° which is the
characteristic of amorphous silica. In general,
the amorphous phase of silica is more
reactive than the crystalline counterpart.
Also, the higher surface area of the
nanoparticles can increase the reaction
rate. Thus, it is expected that the addition of
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nano-silica will influence the hydration
reaction and the microstructure of the
cement paste. The morphology of the surface
of the cement pastes was studied under the
SEM as shown in Figure 2. Figure 2 (a) shows
the micrographs of the control cement
paste cured for 28 days without an addition
of nano-silica whereas the images in
Figure 2(b) - (d) illustrates the surface of
cement pastes with 4% nano-silica for the
size of 12, 50 and 150 nm, respectively.
From Figure 2(a), it was found that in the
plain cement paste in the calcium silicate
hydrate (C-S-H) gel existed in the form of
the stand-alone clusters, and also lapped
and jointed together by many needle-like
hydrates. At the same time, deposited
Ca(OH), crystals were distributed among
the cement paste [2]. On the other hand,
an addition of nano-silica changed the
microstructure of the cement paste shown
in Figure 2(b)-(d). The texture of hydrate
products was denser and more compact,
and the sizes of Ca(OH), crystal were also
smaller than those of the control paste.
This is probably due to the participation of
nano-silica in the hydration process to generate
C-S-H through the reaction with Ca(OH),.

Il 1 | L

nano-silica 150 nm

nano-silica 50 nm |

Intensity (a.u.)

nano-silica 12 nm

10 20 30 40 50 60
2 theta

Figure 1. XRD pattern of nano-silica particle
sizes of 12, 50 and 150 nm.
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Figure 2. SEM micrographs of 4 wt% nano-silica - cement paste cured for 28 days with

different nano-silica particle sizes: (a) without nano-silica, (b) 12 nm, (c) 50 nm, and (d) 150
nm. In the Figure, 1= pore, 2 = C-S-H, and 3= Ca(OH),.

3.2 Bulk Density of the Pastes

The variation of the paste density
when adding nano-silica is shown in Figure 3.
It can be clearly seen that for all nano-silica
sizes, the addition of nano-silica reduced
the sample density in comparison to the
control cement paste. For the cement pastes
with 12 nm nano-silica (Figure 3a), the density
monotonously decreases with increasing
amount of nano-silica. On the other hand,
the cement pastes with 50 nm and 150 nm
nano-silica (Figure 3b and 3c) showed a
drop in density for the nano-silica addition
of 1-2% and a slightly increase for 3-4%
and a drop again at 5%. Overall, it can be
concluded that the density has a tendency
to decrease with an addition of nano-silica.
This observation is different from the
previous works [2, 10] where the increase in
density was observed when nano-silica was
added which was due to the filler effect of
nano-silica. However, the earlier studies
exploited the addition of superplasticizer

in the mixture to control the flow rate.
The superplasticizer can reduce the amount
of water required in mixing the cement
pastes but the amount of superplasticizer
in each mixture is different. In the present
study, we intend to investigate the effect of
nano-silica addition on the mechanical and
thermal properties without superplasticizer
to control all other parameters under the
same condition. As a result, with the same
W /B ratios, the cement pastes become
thicker for higher nano-silica concentration.
This is because nano-silica has high surface
area and can absorb water very quickly
due to the hydration reaction of nano-silica.
This interpretation is supported by the
workability test as shown in Figure 3d
where the penetration depth decreases
for increasing amount of nano-silica.
The replacement of cement with nano-silica
resulted in the reduction in workability of
the fresh pastes. Furthermore, the particle
sizes had an effect on the workability of the
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paste. The pastes with 12 nm nano-silica
exhibited the lowest workability, followed by
the pastes with 50 nm nano-silica and the pastes
with 150 nm nano-silica. Thus, not all cement
particles can react with water. This leads to
the creation of small air void in the paste, and
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the amount of air void is related to the content
of nano-silica as shown in Figure 3e. The
nano-silica with 12 nm diameter has the
highest surface area and therefore results in
the more pronounced effect on the density
than the 50 nm or 150 nm size.

2100 2100
= 7 days = 7 days
2000 === 28 days 000 === 28 days
o @
g 1900 (a) E 1900 (b)
> >
£ 2
. 1800 < 1800
£ &
$ 1700 - 5 1700
o o
1600 1600
1500 1500
0 1 2 3 4 5 0 1 2 3 4 5
nano-silica12 nm (wt%) nano-silica 50 nm (wt%)
2100 35
= 7 days — 30
2000 === 28 days E
s E
™ —~ 25
E 1000 ©| |5
< & 20
< 1800 =
= S 15
3 £
1700
2 g 1
c
1600 g 5
1500 0

0 1 2 3 4 5
nano-silica 150 nm (wt%)

16

0 1 2 3 4 5
nano-silica (wt%)

12nm
14 A

12 4

Air void (vol%)
=

nano-silica (wt%)

Figure 3. Bulk density of 7- and 28-days cement paste with addition of nano-silica (a) 12 nm,
(b) 50 nm, (c) 150 nm. (d) workability of the cement paste by penetration test and (e) the

relative volume percent of air void at 28 days.
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3.3 Compressive Strength of Pastes

The results of compressive strengths of
nano-silica added cement pastes are shown
in Figure 4. In order to compare the effect
of nano-silica sizes, we plot the strength
of cement paste with 12, 50 and 150 nm
nano-silica in the same plot and separate
the measurement at the age of 7 days and
28 days in Figure 4a and 4b, respectively.
There are many interesting points regarding
this plot. Firstly, the compressive strength
increases to the maximum point with the
addition of certain amount of nano-silica
and then drops when excessive nano-silica
is introduced. For 12 nm nano-silica, the
pastes show the maximum strength at 1%
addition while for 50 and 150 nm sizes,
the strength is maximized at 4% nano-silica.
Secondly, the size of nano-silica has a
significant effect on the strength. The cement
paste with 50 nm nano-silica shows the
higher strength than the others, with the
maximum strength of >50% higher than the
control cement paste. The possible reasons
for this experimental result are discussed
as follows. When nano-silica was added,
it stimulated the hydration reaction of the
cement particles and form C-S-H gel
resulting in the higher compressive strength.
Moreover, nano-silica has pozzolanic
reaction with the Ca(OH), crystals to form
additional C-S-H phase. This prevents
the Ca(OH), crystals from growing and
strengthens the pastes. However, the
excessive nano-silica absorbed water
required for the cement hydration process,
reducing the final C-S-H product. The
nano-silica particle may also surround
cement particles making them inaccessible to
water. Also, when the nano-silica is not
well dispersed, as in the case for excessive
nano-silica content, the aggregated nano-silica
can create weak zone in form of voids and
lowered the compressive strength. Since
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12 nm nano-silica is the most reactive, it is
required only 1% to obtain the maximum
strength and more than that amount leads
to the adverse effect. On the other hand,
for less reactive nano-silica with the particles
size of 50 and 150 nm, it requires about 4%
for the maximum strength. Furthermore,
the strength of cement paste is related to
the density. Since the density of pastes with
12 nm nano-silica is lower than those with
50 and 150 nm for high nano-silica%, the
strength of paste with 12 nm nano-silica also
drops. In addition, for all samples regardless
the particle size and concentration, the
compressive strength is higher for the samples
cured at 28 days due to the advance in
hydration.
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Figure 4. Compressive strength cement paste
added nano-silica with different particle size,
measured at (a) 7 days and (b) 28 days.
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3.4 Thermal Conductivity of Pastes

The nano-silica - cement pastes of the
size of 10cm X 10cm X 10cm were cured
for 28 days before the thermal conductivity
measurement. The results are shown in
Figure 5. It can be obviously secen that
the addition of nano-silica reduces the
thermal conductivity monotonously. The
most effective media to suppress thermal
conductivity is when using the 12 nm
particles. When reaching 5% of nano-silica,
the thermal conductivity can be reduced
by more than 20%. The main contribution
of the reduction in thermal conductivity in
the present study is due to the creation of
small air void which suppress heat transfer
significantly. The cement paste with 12 nm
nano-silica contains highest air void and
thus the effect is most pronounced. We can
use the thermal conductivity model to fit the
experimental data using the experimental
values of the thermal conductivity and
volume fraction of cement paste, nano-silica
and air void. The models used are: 1) the series
model, 2) the parallel model, 3) the one-
dimensional heat flow (1D) model, and 4)
Maxwell’s model. The results are shown in
Figure 6 (a)-(c). It can be cleatly seen that the
series model and the Maxwell’s model fit the
experimental values very well whereas the
parallel model and the 1D model are
significantly different from experiment.

The well fitting of the thermal
conductivity values with the theoretical model
indicate that the presence of air void is an
important mechanism in decreasing thermal
conductivity. Figure 7 plots the experimental
values of thermal conductivity versus the
volume percent of air void for all nano-silica
sizes. It can be seen that the relation of the air
void and the thermal conductivity is linear.
The cement paste with 12 nm nano-silica
shows the higher slope. Thus, it can be
concluded the most effective media to reduce
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thermal conductivity is the addition of smallest
nano-silica.
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Figure 5. Thermal conductivity of nano-silica
added cement paste.
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Figure 7. A plot of thermal conductivity of
nano-silica added cement paste versus the
volume percent of air void.

4. CONCLUSIONS

In this paper, the effects of the addition
of nano-silica on both mechanical property
and thermal conductivity of cement paste
have been investigated. The compressive
strength increases to the maximum values
with the addition of certain amount of
nano-silica due to the highly reactive nature
of nano-silica which stimulates the hydration
reaction. The 12 nm nano-silica particle
with the largest surface area is the most
reactive and can enhance the strength even
with only 1 % by weight substitution.
Higher content of nano-silica decreases
the strength due to the lack of water for
hydration reaction, the creation of weak
zone from nonuniform distribution and the
reduction of density. For thermal conductivity,
addition of nano-silica can suppress thermal
conductivity by means of air void formation.
The thermal conductivity is most suppressed
for cement paste with 12 nm nano-silica.
Both series and Maxwell thermal conductivity
models can fit the experimental results
satisfactorily. For the use of nano-silica-cement
composites for thermal insulation, it
requires both strength and low thermal
conductivity. Hence, the cement paste with
50 nm nano-silica of 4-5% is the most
suitable composition which provides high
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compressive strength and relatively low
thermal conductivity.
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