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ABSTRACT

Incorporation of fly ash in cementitious systems containing ordinary portland cement (OPC) increases
their long-term strength and durability. However, replacement of cement by fly ash also reduces the heat of
hydration of such systems and reduces early-age strength development. The reduced rate of strength
development can increase the risk of durability problems, e.g. scaling, in cases when young concrete is exposed
to low temperatures and deicing chemicals. This study investigated the potential of nano-titanium dioxide (nano-
TiO2) particles to modify the hydration kinetics of fly ash pastes and compressive strength development of
corresponding mortars cured under low (4°C) and standard (23°C) temperatures. The kinetics of the hydration
study was performed on paste specimens using the thermogravimetric analysis (TGA) and isothermal calorimetry
(IC) methods. The mortar specimens used for compressive strength testing were prepared using the same w/cm
values and the same types of binders as those used to prepare the paste specimens. It was found that although
the addition of nano-TiO2 accelerated the hydration rate of all pastes, that treatment was, however, more effective
in the fly ash pastes than in the ordinary portland cement (OPC) pastes, especially for the cases of low temperature
curing. These findings were confirmed by the results of strength testing as the specimens experiencing accelerated

rates of hydration were also found to be stronger.
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1. INTRODUCTION

The supplementary cementitious materials (SCMs)
may affect the hydration process of the cement
phases by two principal mechanisms: a) at the same
overall w/cm value, the effective water-to-cement ratio
will be higher when part of the cement is replaced by
SCMs. Therefore, more space is available for the
hydration products of the cement phases; b) SCMs
provide extra surfaces as nucleation sites, thus
promoting a higher degree of hydration [1]. In addition
to modifying the kinetic of cement hydration, the use
SCMs generally benefits both fresh and hardened
properties of concrete, including: improvements of
pumpability and finishability, decrease in permeability,
mitigation of alkali reactivity, and overall improvement
of hardened properties of concrete through either
hydraulic or pozzolanic activity, or both [2][3][4][5][6]-
As a result, the use of SCMs typically results in more
durable concrete in the long term [7][8][9].

However, replacing cement with some of the SCMs,
such as fly ash and slag cement, will generally result
in slower early strength development (especially at
high-levels of replacement) [10]. In particular, scaling

resistance of concrete with fly ash and slag SCMs can
be negatively affected, especially when such

concretes are exposed to deicing chemicals before
reaching full maturity [11]. Researchers also pointed
out that the peak of the heat of hydration of OPC-fly
ash samples is essentially delayed compared to the
OPC-only samples at an early age [10]12].

The available literature reports that some the bulk
characteristics  (e.g., mechanical  properties,
durability) of the cement-based composites can be
modified by various types of nanoparticles [13][14].
Nano-titanium dioxide (nano-TiO2) is one of the
nanomaterials materials that have been investigated
extensively in concrete applications [15][16][17].
However, very little information is available on the
effects of nano-TiO2 on the cementitious composites
containing fly ash when exposed to low curing
temperatures.

This study compares the influence of various levels of
nano-TiO2 addition on kinetics of hydration and the
strength development of, respectively, plain and fly
ash cement pastes and mortars exposed to both
standard (room) temperature (23°C) and low (4°C)



temperature. The thermalgravimetric analysis (TGA)
and the isothermal calorimetry (IC) methods were
used to study how the different levels of nano-TiO2
influence the hydration process of the pastes. In
addition, the thermal indictors of the setting time for
each cement paste were estimated from IC data.
Furthermore, mortar specimens were prepared to
study the influence of nano-TiO2 on the compressive
strength development.

2, MATERIALS AND METHODS

2.1. Materials and sample preparation

The OPC and fly ash paste samples with the various
levels of nano-TiO2 addition were made in the
laboratory for use in this study. Nano-TiO2 particles
(with an average particle size of 18 nm) were
purchased from US Research Nanomaterials, Inc.
Figure 1 shows the image of the cluster of the
particles of the nano-TiO2 provided by the company.
The XRD analysis of the nano-TiOz particles has
shown that the only phase present in the material was
anatase (see Figure 2). Physical properties of the
nano-TiO2 particles used are provided in Table 1.

Figure 1. Transmission electron microscope image of the particles
of nano-TiO; (courtesy of the US Research Nanomaterials, Inc.).
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Figure 2. XRD patterns of nano-TiO, used in the study.

Table 1. Physical properties of TiO, nanoparticles.

Purity APS* SSA* Density
99.9% 18nm 200-240 m?/g 0.24 g/cm?®

*APS: average particle size;
*SSA: specific surface area.

The ASTM C150M-21 [18] Type | Portland cement
(OPC) used in this study was produced by Buzzi
Unicem USA, and its chemical composition is
provided in Table 2.

Table 2. Composition of the Portland cement (wt. %)

Item SIOz A|203 Fe203 CaO MgO 803 LOI

Content 19.55 5.22 274 6291 294 322 225

The ASTM C618-19 [19] Class C fly ash (FA) was
purchased from Boral Resources. The ASTM C494-
19 [20] high-range water-reducing admixture (HRWR)
was supplied by the BASF and used during mixing to
ensure adequate level of workability and aid with the
dispersion of nano-TiO2 [15]. A constant amount of
HRWR (0.25 wt. % of the total weight of the
cementitious materials) was used in all mixtures.
Different levels (0%, 0.5%, 1%, and 2%) of nano-TiO2
were added as the weight percentages (wt. %) of the
total cementitious materials (i.e., the total weight of
OPC or OPC+FA). The mixture proportions of pastes
used in this study are shown in Table 3. Mortars
specimens were prepared using the same mixture
designs but with adding natural siliceous sand
satisfying Indiana Department of Transportation
(INDOT) standard Specification 900 for No. 23 fine
aggregate [21]). The weight ratio of sand to
cementitious material was 2.48:1.

Table 3. Mixture proportions of cement pastes used in the study.
(Ratios are calculated on weight basis)

Nano-
Sample FA/O  Water/(FA+ "
type Sample  "pe OPC) (‘I"t‘_z/i)
OPC-0T \ 0.45 0
OPC-0.5T \ 0.45 0.5
OPC-1T \ 0.45 1.0
Paste OPC-2T \ 0.45 2.0
FA-OT 0.313 0.45 0
FA-0.5T 0.313 0.45 0.5
FA-1T 0.313 0.45 1.0
FA-2T 0.313 0.45 2.0

All component materials were conditioned at room
temperature and weighted before mixing. Paste and
mortar samples were prepared according to the
requirements of ASTM C305-20 [22]. Water and
HRWR were pre-mixed in a small container first, and
then the nano-TiO2 was added into the same
container. The resulting liquid was then transferred to
the mixing bowl of the mechanical mixer. For mortars
specimens, the fine aggregate was added in the
following step. Finally, OPC and FA were added and
all materials were mechanically mixed. Once mixed,
the fresh mortars were used to cast 50 x 50 x 50 mm
cubes (for compressive strength testing). The
specimens were stored in the molds for 24 hours (at
23 °C and 50% RH). After that, mortar specimens



were demolded and cured at two different
temperatures (room (or standard) = 23°C and low =
4°C) until the time of testing (3, 7, and 28 days). The
compressive strength testing was performed
according to the ASTM C109M-21 [23]. Paste
specimens used in the TGA test were prepared using
the same mixing process as that used for mortars,
except that the sand was excluded from the list of the
ingredients. The TGA pastes were cast in cylindrical
plastic containers, diameter of 25 mm and the height
of 12 mm, and cured in the same way as mortar
specimens. To prepare pastes for IC test, the mixing
water and the cementitious materials, as well as the
glass mixing rod and the glass mixing vessel, were all
conditioned at the corresponding temperatures (23°C
or 4°C) for at least 24 h before mixing. At the end of
the conditioning period, the water was added to the
cementitious material contained in the glass vessel
and mixed using the glass rod. The resulting paste
was then is transferred to the ampules used for the IC
test.

2.2. Research Methodology

2.2.1. Determination of the quantities of hydration
products

To conduct the TGA test, paste specimens were
removed from the curing room at the desired testing
ages (3, 7, and 28 days) and small pieces of the
material were broken-off from the body of the cylinder.
These broken-off pieces were then immersed for 10-
15 min. in isopropanol in order to replace the pore
water and thus stop the hydration process [24].
Subsequently, the isopropanol was washed-off from
the samples by soaking them in the diethyl ether for
30 sec. Samples were then dried in an aerated oven
for no more than 10 min. and ground to pass the #200
(75um) sieve. The weight percentage of hydration
products was determined using the TA Instruments
2050 thermogravimetric analyzer. During the test, the
powder samples were heated up from room
temperature (around 20°C) to 900°C at a constant
rate of 10 °C/m. The sizes of samples were around 20
mg. A 99.9% pure N2 gas was used as a purge gas to
provide an inert environment when operating the TGA
instrument.

Table 4 shows the physical and chemical processes
(and the corresponding temperature ranges) taking
place in a typical cementitious systems during the
TGA testing [25]. As it can be seen, these processes
are mainly associated with decomposition of C-S-H,
ettringite, and calcium hydroxide (CH) phases, which
are the most abundant hydration products in
cementitious systems based on the OPC [26]. In
general, most of the hydration products lose water
from the beginning of the TGA test (about 20°C) up to

the end of decomposition of CH phase (around
450°C).

2.2.2. Determination of the rate of hydration of pastes
In this study, the isothermal calorimeter (IC) test was
used to study the kinetics of hydration of cementitious
materials with and without the addition of nano-TiO2
and cured at different temperatures. The total heat
evolved, and the rate of heat production (thermal
power) were measured by IC (Tam Air, TA
instruments) following ASTM C1702-17 [27] at both
room temperature (23°C) and low temperature (4°C).

Table 4. Physical and chemical changes in concrete as a function
of temperature (adopted for ref. [25]).

Temperature (°C) Physical/chemical effect

20-200 Loss of capillary water
70-80 Dissociation of ettringite
120-160 Dehydration of gypsum to

hemihydrate and anhydrite
Loss of bound water from cement

200-350 paste (C-S-H)
400-450 Calcium hydroxide (CH) loses
water
Quartz changes from o to 3 form
575 )
(volume increase)
600-850 Decomposition of carbonates

After mixing (detailed procedure was previously
described in Section 2.1), around 10 grams of paste
was transferred to the glass ampules which were
placed inside the calorimeter. The entire process
(from combining the cementitious materials with water
to placing the ampules in the calorimeter) took less
than 5 min. The data collected during the initial 45
min. after mixing of water with cementitious materials
were excluded from the analysis as the samples were
in the process of thermal equilibration. The
measurements were performed over a period of up to
50 h from the time of the addition of water.

2.2.3 Determination of thermal indicator of the setting
time

According to ASTM C1679-17 [28], the IC test results
can be used to determine so called “thermal indicator
of setting time” of cementitious mixtures, which is
defined as “the hydration time to reach a thermal
power of 50% of the maximum value of the main
hydration peak” This data was used as a
supplementary information to aid in evaluating the
effects of nano-TiO2 on the hydration process of
cement pastes characterized in this study.

2.2.4 Compressive strength of mortars

The compressive strength of mortar specimens, with
and without the fly ash and nano-TiOz, cured at both,
the room and low temperatures, were measured at
the ages of 3, 7, and 28 days. The compressive



strength was determined using the MTS testing
machine following the provisions of ASTM C109M-21
[24] standard specification.

3. RESULTS AND DISCUSSION

3.1  Hydration kinetics of nano-TiO, modified
pastes

In principle, the changes in the content of calcium
hydroxide (CH) in the hydrating cementitious system
can be used to evaluate the kinetic of hydration as CH
is a byproduct of the primary hydration reaction. This
approach works well in cases when the only
cementitious binder present in the hydrating system is
the ordinary Portland cement (OPC). However, the
CH content might not be a good indicator of the kinetic
of hydration in samples with the blended binders (e.g.,
in the system containing both, the cement and the fly
ash, as was the case in the current study). This is
because the changes in the CH content will reflect the
combined effects of cement hydration (addition of CH)
and pozzolanic reaction (consumption of CH).
Therefore, instead of focusing exclusively on the
changes in the CH content (associated with the
weight loss in the temperature range from 400°C to
450°C in TGA test) as an indicator of the hydration
process, a broader temperature range should be
considered when evaluating the amount of hydration
products when fly ash is present as part of the
cementitious binder.

In this study, the temperature range selected for
evaluation of the influence of nano-TiO2 on the
hydration process of OPC and fly ash pastes was from
20°C to about 450°C (the temperature where the CH
decomposition ends). Since, as mentioned in section
2.2.1, the free water initially present in the specimens
was removed by the solvent exchange procedure, any
weight changes taking place in this broader
temperature range should only capture the removal of
the chemically/structurally bound water in the phases
of interest, i.e. C-S-H, ettringite, monosulfate, CH, and
other hydration products. As mentioned earlier
(section 2.2.1 and Table 4), changes in the amounts
of these phases can be used as indicators of the
kinetics of hydration as higher weight losses will
indicate higher amount of hydration products, and
thus an accelerated rate of the hydration process.

3.1.1 The influence of nano-TiO2 on the amount of the
hydration products.
As an example of the TGA results, Figure 3 shows the
TGA curves for OPC pastes with and without nano-
TiO2 cured for 3 days at low temperature. The solid
green line represents the TGA results from the
reference sample OPC-0T (0 wt.% of nano-TiO2
addition), whereas the dashed green line represents
paste containing 2% of nano-TiO2 (OPC-2T). It can be

seen that the amount of hydration products (assumed
to be equivalent to the weight loss in the temperature
range from 20°C to about 450°C) increases due to the
addition of nano-TiO2. This means that for this
particular case (3 days of curing at low temperature),
the addition of nano-TiO2 accelerates the hydration
process. Such acceleration of hydration can be
explained by the fact that nano-TiOz2 particles serve as
the nucleation sites for the formation of the C-S-H.
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Figure 3. The TGA results for OPC paste with 0% and 2% of TiO,
nanoparticles cured for 3 days at low temperature.
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Figure 4. The amounts of hydration products in the OPC pastes
with different levels of nano-TiO; addition after 3, 7, and 28 days
of curing at: (a) room temperature and, (b) low temperature.

The overall trends in the amounts of the hydration
product obtained from TGA results for the OPC pastes
with varying amounts of added nano-TiO2 and cured
for 3, 7, and 28 days at room and low temperatures
are presented in Figures 4(a) and (b), respectively.
For pastes cured at room temperature, the addition of
nano-TiO2 accelerated the hydration process at early
ages (3 and 7 days, green and blue lines,
respectively), but not at later age (28 days-yellow
line). It can also be seen that the lines representing 3
days and 7 days results essentially plateaued past the
1.0 wt.% of nano-TiO2 addition. Similar observations
are reported by other researchers [29]-[31]. Many
argue that a higher dosage of nano-TiO2 can limit the
space available for the growth of various hydration
products within the cementitious system. This
hypothesis is, to certain extent, corroborated by the
results from specimens cured for 28 days, which show
the decreasing trend in the amount of hydration
products with the increase in the addition level of the



nano-TiO2 past 0.5% (solid yellow line). In this case, it
is likely that most of the hydrating phases have
already reacted at the end of 28-days and that the
addition of higher amounts of nano-TiOz is not
promoting more hydration due to the lack of space.

When the same type of samples was cured at low
temperature, see Figure 4(b), the addition of nano-
TiO2 also seems to have accelerated the hydration
process. When compared to specimens cured at
room temperature, the acceleration happened at both,
later ages and at higher contents of nano-TiO2. As
evident from the trends shown by the green and blue
lines in Figure 4(b), 2.0 wt.% addition of nano-TiO2
can still accelerate the hydration process of OPC
pastes cured at low temperature at 3 days and the
addition of up to 1% of nano-TiO2 accelerates the
hydration process for both, 7 days and 28 days
hydration periods. It seems, therefore, that since the
low temperature significantly slows down the
hydration process, the addition of nano-TiO2 is more
effective when compared to its effects at room
temperature.

In conclusion, data presented in Figure 4 indicate that
the addition of nano-TiO2 is more effective in
accelerating the hydration process of OPC pastes
cured at low temperature compared to those cured at
room temperature.

Figures 5(a) and 5(b) present the amounts of
hydration product obtained from the TGA results for
fly ash pastes with different levels of nano-TiO:
addition after 3, 7, and 28 days of curing at: (a) room
temperature and (b) low temperature. The trends
shown in Figure 5(a) are similar to those shown in
Figure 4(a), i.e. the addition of nano-TiO2 accelerates
the hydration process at early ages (3 and 7 days)
when cured at room temperature. However, as
indicated by the slopes of the green and blue lines, a
more significant acceleration of hydration was
observed in fly ash pastes as compared to plain (OPC
only) pastes, especially at early ages. This might be
because, besides providing nucleation sites for the
formation of the C-S-H, the addition of nano-TiO2 was
also reported to reduce the size of CH crystals [15].
The smaller crystals may be accelerating the rate of
the pozzolanic reaction, thus producing higher
amount of C-S-H (and other hydrates) which will lead
to higher weight losses in the fly ash pastes in the
temperature range of interest (20°C to about 450°C).

As shown in Figure 5(b), the addition of nano-TiO2
also accelerates the hydration process of fly ash
pastes cured at low temperature. When comparing
the 7 days and 28 days data for 1% addition of nano-
TiO2 (shown in Figure 5(b)), it can be seen that the
amounts of hydration products formed at these two
ages were very comparable. Such effect was not

observed in OPC pastes cured at low temperature
(Figure 4(b)). This observation further confirms that in
systems cured at low temperature, the nano-TiOz2 is
more effective in fly ash pastes than in OPC pastes.

From the comparison of Figures 4 and 5, it seems that
a higher content of nano-TiOz is more beneficial at
earlier ages (3 and 7 days), irrespective of binder
composition and curing temperature. These findings
are in agreement with those reported by other
researchers [32].
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Figure 5. The amounts of hydration products in the fly ash pastes
with different levels of nano-TiO; addition after 3, 7, and 28 days
of curing at: (a) room temperature and (b) low temperature.

3.1.2 Influence of nano-TiO2 on the Qlanp in fly ash
pastes

In order to appraise the relative increase in the
amount of hydration products formed in fly ash pastes
(with respect to the reference sample, i.e. the sample
without the addition of nano-TiOz2), we introduce the
parameter Qlan, (a quantitative increase in the amount
of hydration product). The value of the Qlanp was
calculated using Eq. 1( below).

— Wx—Wo
Qlahp - W

Ea. (1)

Where: W,= weight loss in specimens with “x” %
nano-TiOz2 and W), = weight loss in specimens with 0
% nano-TiOz.

The values of the Qlan, for pastes cured for 3, 7, and
28 days at both, the standard (room) and low
temperatures, are shown in, respectively, Figures
11(a) and 11(b). As can be seen, the values of Qianp
for different ages follow the sequence: 3 days > 7 days
>28 days. That sequence confirms the previously
discussed trends (see section 3.1.1), indicating that
nano-TiO2 is more effective in accelerating the
hydration process at earlier ages, regardless of the
curing temperature.

As shown in Figure 6(a), the amount of hydration
product increases with the increase in the amount of
nano-TiO2 addition (up to 2.0 wt.%) at early ages (3
and 7 days). However, the addition of 2.0 wt.% of
nano-TiO2 negatively affects the amount of hydration



products at 28 days. Several previously published
works also reported on diminishing effectiveness of
increased dosages of nano-TiO2 with respect to
improving the properties of cementitious materials
[29][30][31]. Some of the reasons for this behavior
might be related the difficulty in achieving a good
dispersion of higher amounts of nano-TiO2 within the
cementitious system. More importantly, some
researchers, e.g. [29], argue that higher content of
nanoparticles can effectively reduce the distance
between the particles in the cementitious system and
thus limit the space available for growth of the
hydration products. Moreover, as already mentioned
in section 3.1.1, for specimens which are cured at
room temperature, by the age of 28 days most of the
hydrating phases have likely already reacted, thus
limiting the effectiveness of nano-TiO2 addition.
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Figure 6. The values of Ql.n, (Quantitative increase in the amount
of hydration products) for fly ash pastes cured for 3, 7, and 28 days
cured at: (a) room temperature and, (b) low temperature.

For fly ash pastes cured at low temperature (Figure
6(b)), the addition of nano-TiO2 seems to be more
beneficial in accelerating the hydration at 28 days
compared to pastes cured at room temperature
(Figure 6(a)).

3.2 Rate of hydration of nano-TiO. modified
pastes

To study the influence of curing temperatures on the
effect of nano-TiO2 on the rate of hydration of OPC
and fly ash pastes, 8 different types of mixtures were
prepared and tested in the IC under two different
temperature regimes: standard (room) temperature of
23°C and low temperature of 4°C. All the data
acquired from IC were normalized with respect to the
mass of cementitious materials in the mixture.

As shown in Figures 7(a) and 7(b), the addition of
nano-TiO2 to both, the room temperature cured and
the low temperature cured OPC pastes, increases the
values of the heat flow, as indicated by the higher
maximum heights of the peaks for specimens with
nano-TiO2 (dotted lines) compared to the heights of
the peaks for pastes without nano-TiO2 (solid lines).
Furthermore, the main hydration peak for pastes with
nano-TiO2 appears earlier (i.e., it is shifted to the left)
when compared to the main hydration peaks for
pastes without nano-TiO2 (as indicated by the black
arrows shown in Figure 7). That observations agree
well with the TGA results reported in Section 3.1.
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Figure 7. The normalized heat flow and normalized cumulative
heat curves for OPC pastes cured at: (a) room temperature and (b)
low temperature.

As shown in Figure 7(b), when the curing temperature
was low, the hydration reactions slowed down
significantly, as both heat flow and cumulative heat
peaks were much lower than the results shown in
Figure 7(a). The 50 h reaction period was just long
enough to capture the majority of the heat flow peak
for OPC pastes. Again, the addition of nano-TiO2
seems to be more effective in accelerating the



hydration process when curing temperature was low.
The time shift of the main hydration peaks due to the
addition of nano-TiO2 was larger for pastes cured at
low temperature, (see Table 5).

Table 5. The time shift of the max. value of the heat flow peak due
to the addition of nano-TiO, to OPC pastes (in comparison to the
peak of pastes without nano-TiO,).

Curing . Time shift of the max
Temperature Mixture temperature peak, min.

OPC-0.5T -14

23°C OPC-1T -26
OPC-2T -43

OPC-0.5T -40

4°C OPC-1T -59
OPC-2T -129

The normalized heat flow and the normalized
cumulative heat curves for fly ash pastes cured at
room and low temperatures are presented in Figures
8(a) and 8(b), respectively. The trends with respect to
the effects of nano-TiO2 on the acceleration of
hydration observed in fly ash pastes were the same
as those observed in the OPC pastes (Figure 7).
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Figure 8. The normalized heat flow and the normalized cumulative
heat curves for fly ash pastes cured at: (a) room temperature and
(b) low temperature.

As shown in Table 6, the acceleration of the main
hydration peak for low temperature cured fly ash
pastes containing nano-TiO2 was considerably higher

than that observed for the same type of pastes but
cured at room temperature.
Table 6. The time shift of the max. value of the heat flow peak due
to the addition of nano-TiO, t fly ash pastes (in comparison to the
peak of pastes without nano-TiOy).

Curing . Time shift of the max
Mixture .
Temperature temperature peak, min.

FA-0.5T -20
23°C FA-1T -26
FA-2T -50
FA-0.5T -143
4°C FA-1T -178
FA-2T -207

In summary, the test results obtained from the IC
experiments corroborate the main conclusions
derived from the from TGA data, namely that nano-
TiOz2 is more effective in accelerating the hydration in
cases when curing temperature is low and when fly
ash is used as a replacement for part of the cement.

3.3 Thermal indicator of the setting time of
nano-TiO; modified pastes

As mentioned in Section 2.3.3, a thermal indicator of
the setting time can be obtained to from the IC data.
For a given mixture, the thermal indicator of the
setting time is a relative value, that can be correlated
with a physical setting time determined using such
methods as ASTM C191-21 [33]. This test methods
can be used to determine the time of setting of
hydraulic cement by means of the Vicat needle.

Figure 9 shows an example of how to obtain the
thermal indicator of the setting time from the IC data.
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Figure 9. An example illustrating the way to obtain the thermal
indicator of setting time using the heat flow curve from the IC
experiment.

Shown in Figure 10 is the variation in the setting time
(based on the thermal indicator data from the IC
method) for both, the OPC and fly ash mixture as a
function of the level of nano-TiO2 addition and the
curing temperatures. As can be seen, the addition of
nano-TiO2 shortens the setting time for both, the OPC
and fly ash mixtures, regardless of the curing
temperatures.
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Figure 10. The variation in the setting time (based on the thermal
indicator data from the IC method) as a function of the nano-TiO,
addition for the OPC and fly ash pastes cured at room (23°C) and
low (4°C) temperatures.

Table 7 shows an example of the actual values of the
shortening of setting times for OPC and fly ash pastes
containing 2% of nano-TiO2 addition and cured at
room and low temperatures.

Table 7. Shortening of the setting time (based on the thermal
indicator data from the IC method) for OPC and fly ash pastes with
2% of nano-TiO, cured at room and low temperatures.

Curing Mixture Shortening of ?etting time,
Temperature min'.
R OPC 38
23°C Fly ash 41
R OPC 63
4°C Fly ash 76

! calculated with respect to setting time of specimens without nano-
TiO2 addition

When comparing the values of the shortening of the
setting time, it can be observed that nano-TiO2 seems
to be more effective in accelerating the setting when
the curing temperature is low compared to room
temperature for both OPC and fly ash mixtures (~70
min. vs. ~40 min.). These observations agree with the
results from the TGA tests presented in section 3.1,
which indicated formation of higher amounts of the
hydration products in the same type of cementitious
systems.

3.4 The influence of the nano-TiO; on the
compressive strength of OPC and fly ash
mortars

The variation of the compressive strength of the OPC
and fly ash mortars with and without the addition of
nano-TiOz2 as a function of age and the curing
temperature is shown in Figure 11. For mortars cured
at room temperature, (Figure 11(a)), the addition of

0.5 wt.% of nano-TiOz2 improved the compressive
strength of the OPC mortars cured for 3, 7, and 28
days. Somewhat smaller improvements were also
observed for room temperature cured fly ash mortars,
especially at 3 and 7 days.

Similarly, the improvement of compressive strength
can also be observed for the case of low temperature
curing (Figure 11(b)). As previously mentioned, the
addition of nano-TiOz2 can lead to an accelerated
hydration process, which can reduce the porosity
within the paste matrix (also reported by [34]).
Therefore, the bulk strength of mortars can be
enhanced. A significant increase in compressive
strength of fly ash mortars at 28 days can be observed
when cured at a low temperature (as indicated by the
black arrow in Figure 11(b)). This, again, is an
indicator that nano-TiO2 is more effective when the
curing temperature is low.
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Figure 11. The variation of the compressive strength of OPC and
fly ash mortars with age when cured at: (a) room (23°C)
temperature and, (b) low (4°C) temperatures.

4, CONCLUSIONS

This paper focused on the study of the effects of

addition of nano-TiOz2 on the hydration process and

compressive strength development of the OPC and fly
ash cementitious systems (pastes and mortars) cured
at the standard (23°C) and low (4°C) temperatures.

The results collected during the study support the

following conclusions:

e Asindicated by the IC data, the addition of nano-
TiO2 accelerated the hydration process of both,
the OPC and fly ash pastes. The acceleration
effects intensified with the increase in the addition
level of the nano-TiO2, and were more



pronounced in the cementitious systems cured for
shorter periods of time, especially those cured at
the low temperature. Specifically, the IC data
suggest that the addition of nano-TiO2
accelerates the appearance of the main hydration
peaks in pastes, especially in fly ash pastes. For
low curing temperature such acceleration can be
3-7 times (in terms of the length of the time shift)
higher than that observed for room curing
temperature.

e For fly ash pastes, the effect of the addition of
nano-TiO2 on the quantitative increases in the
amount of hydration products (Qlanp) was higher
at early ages (3 and 7 days) than at later ages (28
days), regardless of curing temperatures. At later
ages, the addition of nano-TiO2 seems to be more
effective in accelerating hydration of specimens
cured at low temperature.

e Thermal indicators of setting time, inferred from
the IC results, show that the addition of nano-TiO2
shortened the setting of OPC and fly ash
mixtures, especially those cured at Ilow
temperature.

e The 0.5% addition of the nano-TiOz increased the
compressive strength of both, the OPC and the fly
ash mortars, when compared to reference
samples (i.e., samples without the addition of
nano-TiOz).
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