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This paper presents the effect of nano alumina (NA) on compressive strength and

microstructure of cement paste containing high volume blast furnace slag (HVBFS)

contents of 70, 80, and 90% as partial replacement of cement and combined blast

furnace slag (BFS) and class F fly ash (FA) contents of 70 and 80% as partial replacement

of cement. FA is used at 30% as partial replacement of BFS. NA contents are varied from

1 to 4% as partial replacement of BFS and BFS-FA. Results show that the addition of

NA improves the compressive strength of high volume BFS and BFS-FA pastes by 2 to

16%. The compressive strength of paste containing 69% BFS, 30% cement, and 1%

NA exceeded the compressive strength of control cement paste while the compressive

strength of paste containing 77%BFS, 20% cement, and 3%NA is 1% lower than control

cement paste. NA significantly reduced the large capillary pores of >0.1 microns of high

volume BFS and BFS-FA pastes. No evidence of reduction of Ca(OH)2 in high volume

BFS pastes is observed due to addition of NA, however, in high volume BFS-FA paste the

Ca(OH)2 is reduced due to addition of NA. Increase in intensity peaks of CAH, Ettringite

and CSH in X-ray diffraction analysis is observed in high volume BFS and BFS-FA pastes

due to addition of NA, which coincides with the observed more dense microstructure of

high volume BFS and BFS-FA pastes containing NA than those without NA.

Keywords: nano alumina, blast furnace slag, fly ash, compressive strength, microstructure

INTRODUCTION

Concrete is the most widely used construction materials in the world. Its demand continues due
to rapid urbanization and population growth in the world. As a result the demand of cement,
the key ingredient of concrete, also increases. However, the manufacturing of cement is energy
intensive and contributes about 5–7% of total CO2 release in to the atmosphere globally (Benhelal
et al., 2013). Therefore, there is worldwide initiative to reduce the use of cement in concrete by
partial replacement of cement using various industrial by-products such as fly ash, blast furnace
slag (BFS), silica fume, rice husk ash, sugarcane bagasse ash, etc. Significant amount of research
have been devoted worldwide to investigate various properties of concrete containing above by-
products. Very good level of understanding of their use in concrete at low volume as well as at
high volume already exists, which result their use in concrete as partial replacement of cement in
many countries. However, their use in high volume in concrete often results in reduction in early
age mechanical and durability properties due to slow pozzolanic reaction of these materials with
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cement hydration product (Oner and Akyuz, 2007; Aghaeipour
and Madhkhan, 2017). Various ultrafine and nano materials are
used to address the above limitation of slow pozzolanic reaction
at early stage of concrete. In a number of studies the effect
of various nano materials e.g., nano silica, nano CaCO3, nano
TiO2, nano alumina, carbon nano tube, etc. on the properties
of concrete containing fly ash at various volume fractions have
been evaluated and promising results in terms of improvement
inmechanical and durability properties of concrete containing fly
ash are reported (Sato and Diallo, 2010; Hou et al., 2013; Shaikh
and Supit, 2014, 2015; Shaikh et al., 2014).

Blast furnace slag is the by-product of iron/steel industry and
is widely used in concrete as partial replacement of cement.

TABLE 1 | Physical properties and chemical analysis of OPC, BFS, FA, and NA.

Oxides Ordinary portland

cement (OPC)

(wt. %)

Class f fly

ash (FA)

(wt. %)

Blast furnace

slag (BFS)

(wt. %)

Nano

alumina (NA)

(wt. %)

Chemical analysis

SiO2 21.1 51.11 32.5 –

Al2O3 5.24 25.56 13.56 99.5

Fe2O3 3.1 12.48 0.85 –

CaO 64.39 4.3 41.2 –

MgO 1.1 1.45 5.10 –

MnO – 0.15 0.25 –

K2O 0.57 0.7 0.35 –

Na2O 0.23 0.77 0.27 –

P2O5 – 0.885 0.03 –

TiO2 – 1.32 0.49 –

SO3 2.52 0.24 3.2 –

LOI 1.22 0.57 1.11 –

Physical properties

Particle

size

25–40% ≤7µm 50% of 10µm 40% of 10µm 24–43 nm

Specific

gravity

2.7to3.2 2.6 – 3.5–3.9

FIGURE 1 | XRD analysis of class F fly ash and blast furnace slag.

Its use up to 60–70% as partial replacement of cement in
concrete is researched (Elchalakani et al., 2014). It has been
reported that above this limit the mechanical and durability
properties are significantly affected (Oner and Akyuz, 2007).
Despite the use of various nano materials in concrete containing
high volume fly ash, not enough research is reported on the
use of nano materials in concrete containing high volume slag
above 60%, especially nano alumina which exhibited significant
improvement in modulus of elasticity of concrete. Nano alumina,
similar to other nano materials, provides synergistic effects in
cement hydration process through seeding and filler effects
and pozzolanic reaction. In a number of studies the effect of
nano alumina on mechanical properties of concrete and cement
composite is evaluated. Li et al. (2006) investigated the effect of
various nano alumina contents of 3–7% on compressive strength
and elastic modulus of cement mortar and reported about 143%
improvement in 28 days elastic modulus of cement mortar
due to addition of 5% nano alumina due to densification of
cement matrix around interfacial transition zone of aggregates
in mortar. However, at the same nano alumina content the
improvement in compressive strength was not that great. In
a separate study, Nazari and Riahi (2011) however, reported
significant improvement (about 44%) in compressive strength of
cement paste due to addition of 4% nano alumina. Reduction in
harmful pores in cement paste due to addition of nano alumina
is also observed in their study. On the other hand, Barbhuiya
et al. (2014) reported no improvement in 7 days compressive
strength of cement paste due to addition of nano alumina despite
formation of dense microstructure of cement paste containing
nano alumina. Improvement in compressive strength of cement
pastes due to addition of nano alumina is also reported by others
(Heikal et al., 2015; Gowda et al., 2017). The variation of results
on properties of concrete due to addition of NA could be due
to their different particle sizes e.g., the size of NA was ∼150nm
in the study by Li et al. (2006) whereas Nazari and Riahi (2011)
use much smaller size NA particles of about 15 nm. On the
other hand, the size of NA was 27–43 nm in Barbhuiya et al.
(2014) study.

Mohseni and Tsavdaridis (2016) reported improvement in
compressive strength and durability of fly ash mortar containing
25% fly ash due to addition of nano alumina. Reduction
in gel and medium capillary pores of fly ash mortar is
reported in this study due to addition of nano alumina.
So far only one study reported by Nazari and Riahi (2011)
evaluated the effect of nano alumina on mechanical and
microstructure of self-compacting concrete containing various
BFS contents of up to 60% as partial replacement of cement.
While nano alumina exhibited improvement in mechanical and
durability properties of cement paste and mortars and those
containing fly ash and BFS, no study so far reported its effect
on the concrete containing high volume slag content above
70% as partial replacement of cement. This paper presents
the effect of various nano alumina contents on compressive
strength and microstructure of cement pastes containing high
volume blast furnace slag (HVBFS) and high volume blast
furnace slag and fly ash (HVBFS-FA) as partial replacement
of cement.
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EXPERIMENTAL PROGRAM

This study is consisted of five parts. In the first three parts, three
high volume slag pastes containing 70, 80, and 90%BFS by weight
as partial replacement of ordinary Portland cement (OPC) are

FIGURE 2 | XRD analysis of nano alumina.

considered. In the fourth and fifth parts, the effect of two hybrid
combinations of BFS and class F fly ash (FA) at total contents
of 70 and 80% by weight are considered, where FA is used at
30% by weight of BFS. In all parts the effect of nano alumina
(NA) content of 1–4% by weight on the high volume BFS pastes
and high volume BFS-FA pastes are evaluated. Therefore, total 26
mixes are considered in this study.

MATERIALS, MIX PROPORTIONS, AND
CASTING

The cement used in this study was OPC. The fly ash (FA) was
class F fly ash supplied by Eraring power station of New South
Wales in Australia. The ground granulated BFS was supplied
by BGC cement of Australia. The nano alumina (NA) powder
was purchased from Nanostructured and Amorphous Materials,
Inc. of USA. Table 1 shows the physical and chemical properties
of OPC, FA, BFS, and NA, while Figures 1, 2 show the X-ray
diffraction (XRD) analysis of FA, BFS and NA. It can be seen by
comparing the results that NA was less amorphous compared to
FA and BFS. Among FA and BFS, BFS is more amorphous with
amorphous content of 95.7% compared to 67.8% amorphous
content of FA based on quantitative XRD analysis. Detail mix

TABLE 2 | Mix proportions of high volume slag and high volume slag-fly ash blend cement pastes containing nano alumina (NA).

Nnao alumina

(wt.%)

Mixes OPC BFS Fly ash (FA) Nano alumina (NA) Water/binder Superplasticizer

(wt.%)

100% OPC – Control 1.0 – – – 0.4 –

70% BFS 0 70BFS 0.3 0.7 – – 0.4 –

1 69BFS1NA 0.3 0.69 – 0.01 0.4 –

2 68BFS2NA 0.3 0.68 – 0.02 0.4 –

3 67BFS3NA 0.3 0.67 – 0.03 0.4 0.5

4 66BFS4NA 0.3 0.66 – 0.04 0.4 0.5

80% BFS 0 80BFS 0.2 0.8 – – 0.4 –

1 79BFS1NA 0.2 0.79 – 0.01 0.4 –

2 78BFS2NA 0.2 0.78 – 0.02 0.4 0.5

3 77BFS3NA 0.2 0.77 – 0.03 0.4 0.5

4 76BFS4NA 0.2 0.76 – 0.04 0.4 0.5

90% BFS 0 90BFS 0.1 0.9 – – 0.4 –

1 89BFS1NA 0.1 0.89 – 0.01 0.4 0.5

2 88BFS2NA 0.1 0.88 – 0.02 0.4 0.5

3 87BFS3NA 0.1 0.87 – 0.03 0.4 1.0

4 86BFS4NA 0.1 0.86 – 0.04 0.4 1.0

Combined FA + BFS Total = 70% 0 49BFS21FA 0.3 0.49 0.21 – 0.4 –

1 49BFS20FA1NA 0.3 0.485 0.205 0.01 0.4 0.5

2 49BFS19FA2NA 0.3 0.48 0.20 0.02 0.4 0.5

3 49BFS18FA3NA 0.3 0.475 0.195 0.03 0.4 1.0

4 49BFS17FA4NA 0.3 0.47 0.19 0.04 0.4 1.0

Combined FA + BFS Total = 80% 0 56BFS24FA 0.2 0.56 0.24 - 0.4 -

1 56BFS23FA1NA 0.2 0.555 0.235 0.01 0.4 0.5

2 56BFS22FA2NA 0.2 0.55 0.23 0.02 0.4 0.5

3 56BFS21FA3NA 0.2 0.545 0.225 0.03 0.4 1.0

4 56BFS20FA4NA 0.2 0.54 0.22 0.04 0.4 1.0

Superplasticizer was used as wt.% of binder (OPC + BFS + FA + NA).
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FIGURE 3 | Dispersion of nano alumina in water contining superplasticizer

solution in ultrasonication method.

proportions of high volume BFS pastes, high volume BFS-FA
pastes and those containing NA are shown in Table 2. It can be
seen that water/binder ratio of all mixes were kept constant at
0.4. In the case of mixes containing NA, a naphthalene sulfonate
based superplasticizer was used to maintain the workability of
pastes. All pastes were mixed in Hobart mixer, where cement,
FA and BFS were mixed first for ∼3min. Water was added and
mixed for further 3min. In the case of high volume BFS and
high volume BFS-FA pastes containing NA, the NA powder was
first ultrasonically dispersed in water containing superplasticizer
using ultrasonic mixer for 30min shown in Figure 3 and then
added with remaining water during mixing. The paste samples of
50mm cubes were cast and demoulded after 24 h. The specimens
were cured in water at room temperature for 28 days.

TESTING METHODS

Compressive strength of the specimens were tested according
to ASTM C109 (2012) using a loading rate of 0.7 MPa/s. In
order to observe the changes in reaction phases in cement pastes
containing high volume BFS and BFS-FA blends due to inclusion
of NS thermogravimetric analysis (TGA), X-ray diffraction
(XRD) analysis, Mercury intrusion porosimetry (MIP), scanning
electron microscopy (SEM), and energy dispersive X-ray
spectroscopy (EDS) were done on selected samples.

For the XRD analysis, the samples were measured with a D8
Advance Diffractometer (Bruker-AXS) using copper radiation
and a Lynx Eye position sensitive detector. The diffractometer
scanned the samples from 7◦ to 70◦ (2θ) in steps of 0.015◦ at a
scanning rate of 0.5◦/ min. XRD patterns were obtained using
Cu Ka lines (k = 1.5406 Å). A knife edge collimator was fitted
to reduce air scatter. SEM analyses were performed using a Zeiss
EVO 40XVP microscope equipped with an energy dispersive X-
ray analyser. The thermal stability of the samples was studied
by thermogravimetric analysis (TGA). A Mettler Toledo TGA
one star system analyser was used for all these measurements.
Samples weighing 25mg were placed in an alumina crucible and
the tests were carried out in an Argon atmosphere at a heating
rate of 10◦C/min from 25 to 1,000◦C.

Mercury intrusion porosimetry (MIP) was used to measure
the pore volume and pore size distribution of pastes samples.
The pore diameter and intruded mercury volume were recorded
at each pressure point over a pressure range of 0.0083–207
MPa. The pressures values were converted into equivalent pore
diameters using the Washburn expression 1921, as expressed in
Equation (1):

d = −
4γ cosθ

p
(1)

where, d is the pore diameter (µm), γ is the surface tension
(mN/m), θ is the contact angle between mercury and the pore
wall (◦), and P is the net pressure across the mercury meniscus at
the time of the cumulative intrusion measurement (MPa).

RESULTS AND DISCUSSION

Compressive Strength
The effects of various NA contents of 1–4% on compressive
strength of high volume BFS pastes are shown in Figure 4.
Figure 4A shows that due to addition of NA the compressive
strength of high volume BFS paste containing 70% BFS is higher
than that without NA. The compressive strength is increased
by 2–16% due to addition of NA. In the case of high volume
BFS pastes containing 80 and 90% BFS the improvement in
compressive strength due to addition of NA is not better than
70% BFS content. It can be seen in Figures 4B,C about 2–8 and
1% improvement in compressive strength due to addition of
various amount of NA in pastes containing 80 and 90% BFS,
respectively. While the compressive strength of high volume
BFS pastes containing 70% and NA is higher than that of
control OPC paste, however, the compressive strength of paste
containing 80 and 90% BFS is lower than OPC paste despite
the addition of NA. This can be due to significantly lower
level of Portlandite (Ca(OH)2) generation in these mixes due
to very high volume of OPC replacement by BFS. It can also
be seen no trend in compressive strength improvement with
increase in NA contents in all high volume BFS pastes, however,
beyond 3% no improvement in compressive strength is observed
presumably due to agglomeration of NA as it has been reported
by several researchers. Due to higher van der Waal’s forces, the
nano alumina particles in water causes agglomeration and hence,
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FIGURE 4 | Compressive strength of cement pastes containing (A) 70% slag, (B) 80% slag, (C) 90% slag, (D) 70% slag-fly ash blend and (E) 80% slag-fly ash blend

and those containing various nano alumina contents.

adversely affects their uniform dispersion in the matrix (Senff
et al., 2009; Quercia et al., 2012).

The effect of NA on compressive strength of pastes containing
combined BFS and FA contents of 70 and 80% is shown in

Figures 4D,E. It can be seen that the addition of NA improves
the compressive strength by up to 9% of paste containing total
BFS and FA content of 70%, which is slightly lower than paste
containing 70% BFS. In the case of combined BFS and FA
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FIGURE 5 | Cumulative pore volume (A) and pore size distribution (B) of HVS and HVS-FA pastes with and without nano alumina.

content of 80% containing NA up to about 16% improvement
in compressive strength is observed which is higher than those
containing 80% BFS. However, the compressive strength of these
two HVBFS-FA pastes for all NA contents is still lower than that
of control OPC paste. The improved compressive strength due
to addition of NA in pastes containing combined BFS and FA
than the pastes containing BFS can be interpreted as the better
dispersion of NA in those mixes due to spherical shape of the
FA particles.

Microstructure
It can be seen in above compressive strength results that
the high volume BFS paste containing 70% BFS and

NA exhibited higher compressive strength than that of
control OPC paste. High volume BFS paste containing
80% BFS and combined BFS and FA content of 70%
showed about 1 and 7%, respectively, lower compressive
strength then that of OPC paste. These mixes contain
significantly less OPC hence much lower carbon footprint
of concrete made using these blends. Therefore, in the
microstructural analysis the changes of microstructures
in terms of their pore sizes and volumes, conversion of
Portlandite to secondary calcium silicate hydrate (CSH)/calcium
aluminate hydrate (CAH) through pozzolanic reaction
and formation of new mineral phases are studied due to
addition of NA.
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FIGURE 6 | TGA analysis (A) and Ca(OH)2 contents (B) of HVS and HVS-FA pastes with and without nano alumina.

Mercury Intrusion Porosimetry (MIP)
Figure 5 shows the cumulative pore volume and distribution of
various pore sizes of high volume BFS and combined BFS and
FA pastes with and without NA. It can be seen in Figure 5A

that the volume of pores corresponding to pore diameter >0.1
microns increases in cement paste due to addition of high volume
BFS contents of 70 and 80% as partial replacement of OPC.
However, the volume of medium capillary pores and gel pores
corresponding to pore diameters 0.05–0.01 micron and <0.01
microns, respectively, are decreased due to addition of 70% BFS
compared to control OPC paste. In the case of paste containing

80% BFS the volume of medium capillary pores and gel pores are
higher than OPC paste. By comparing the pastes containing two
BFS contents, it can be seen that at 70% BFS content the total
pore volume of all pores is less than at 80% BFS content, which
might be the reason for observed higher compressive strength
in the former paste than the latter as large pores might have
caused stress concentration. On the other hand, in the paste
containing combined BFS and FA with a total content of 70%
the pore volume of larger capillary pores is reduced significantly
compared to both high volume BFS pastes and control OPC
paste. The distribution of pores having different diameters in
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FIGURE 7 | XRD analysis of HVS and HVS-FA pastes with and without nano alumina.

all pastes is shown in Figure 5B. The region under the curves
represent the concentration of pores and the peak point of
the curve represents the critical pore diameter. By comparing
different curves its can be seen that the maximum concentration
of pores in OPC paste is in 0.03–0.2 microns range which is
in lower side of large capillary pores. However, in the case of
pastes containing 70 and 80% BFS and combined BFS and FA
content of 70% the peak of their curves is shifted toward smaller
pore diameter and they fall within medium capillary pores. This
indicates that due to addition of BFS and combined BFS and FA
the concentration of pores is shifted from large capillary pores to
medium capillary pores.

The cumulative pore volume and pore size distribution of high
volume BFS and combined BFS and FA pastes containing NA are
also shown in Figure 5. It can be seen in Figure 5A that due to
addition of NA the volume of pores corresponding to pore size
>0.1 microns is significantly decreased in all high volume BFS
and combined BFS and FA pastes. Surprisingly it can also be seen
that volume of gel pores and medium capillary pores is increased
due to addition of NA in high volume paste containing 70%
BFS. The cumulative pore volume of paste containing 80% BFS
is reduced from 0.164 to 0.155 cc/g due to addition of 3% NA. In
the case of paste containing combined BFS and FA content of 70%
the cumulative pore volume is reduced significantly from 0.155 to
0.14 cc/g due to addition of 1% NA. The formation of additional
CSH and CAH gels due to enhanced pozzolanic reaction of NA
with Portlandite in those high volume BFS and combined BFS
and FA pastes could be the reasons for such reduction in volume

of large capillary pores in those pastes. However, by looking into
the pore size distribution shown in Figure 5B it can be seen that
the concentration of pores is not significantly changed in high
volume BFS and combined BFS and FA pastes due to addition of
NA, but the volume of pores in the concentration of pore sizes in
each paste containing NA is reduced.

Thermogravimetric Analysis (TGA)
TGA cures of high volume BFS and BFS-FA pastes and those
containing NA are shown in Figure 6A. TGA curve shows the
mass of a substance under control environment as a function
of temperature. It has been reported that mass loss between
420 and 540◦C corresponds to the dehydration of calcium
hydroxide (Keattch and Dollimore, 1975). The amount of
calcium hydroxide (CH) can be quantified according to Taylor
(1990) formula shown as follows in Equation (2):

CH (%) = WLCH(%)
MWCH

MWH2O
(2)

Where, WLCH is the weight loss during the dehydration of CH
between 420 and 540◦C as percentage of the ignited weight (%);
MWCH is themolecular weight of CH;MWH2O is themolecular
weight of H2O.

The calculated CH contents are shown in Figure 6B and it
can be seen that CH contents of all high volume BFS and BFS-
FA pastes and those containing NA are lower than that of OPC
paste. This clearly indicate that due to pozzolanic reaction of
SiO2 in BFS and FA with CH in those pastes CSH is formed.
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FIGURE 8 | Backscattered scanning electron microscopic (SEM) images and EDS spectra of HVS and HVSFA pastes with and without nano alumina. (A) 70BFS

paste. (B) 69BFS+1NA paste. (C) 80BFS paste. (D) 77BFS+3NA paste. (E) 49BFS21FA paste. (F) 48BFS21FA+1NA paste.

In Figure 6B it can also be seen slightly higher amount of
CH content in high volume BFS pastes containing 77%BFS
+ 3%NA and 69%BFS + 1%NA pastes than that containing
80% BFS and 70%BFS pastes, respectively. This indicates that
Al2O3 in NA did not produce any CSH in the matrix rather
formed CAH which is confirmed in XRD and EDS analysis
discussed in latter sections. Surprisingly, the CH content is
much lower in paste containing 49%BFS + 20%FA + 1%NA
then those of pastes containing 70% and 80% BFS. This can
be interpreted due to reaction of SiO2 of FA with CH in
that paste.

X-Ray Diffraction (XRD) Analysis
XRD patterns of high volume BFS and combined BFS and
FA pastes with and without NA are shown in Figure 7. The
horizontal scale is the diffraction angels measured in degrees
and the vertical scale is the peaks height of the intensity of
the diffractions measured in pulses/s. The diffraction spectra
analysis of high volume BFS and combined BFA and FA
pastes with and without NA indicate the predominance of
calcium hydroxide (CH), calcium silicate hydrate (CSH), calcium
aluminate hydrate (CAH), Ettringite (E), and Quartz (Q). By
comparing the CH peaks of pastes with and without NA it can
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be seen that in most occasions intensity of CH peaks is not
changed due to addition of NA except at 2θ angles 34.5◦ and
47◦ , where intensity of CH is reduced in pastes containing
NA. Comparison also shows the formation of Ettringite in
high volume BFS pastes containing NA at 2θ angles 43.5◦

and increase in intensity of Ettringite peaks at 2θ angles 19◦,
25.6◦, and 35◦. The intensity of CAH peak at 2θ angle of
10.8◦ is also increased in high volume BFS and combined
BFA and FA pastes due to addition of NA. In the case of
high volume BFS-FA paste new mineral peaks of Mullite (M)
and Gehlenite (G) can be seen at 2θ angles 16.5◦ and 20.8◦,
respectively, with increase of Gehlenite peak due to addition
of NA.

Scanning Electron Microscopy (SEM) and
Energy Dispersive X-Ray Spectroscopy
(EDS) Analysis
SEM images and EDS spectra of high volume BFS and high
volume BFS-FA pastes with and without NA are shown in
Figure 8. It can be seen by comparing Figure 8B with Figure 8A

that the microstructure of high volume BFS paste containing
69% BFS+1% NA is much denser than paste containing 70%
BFS. By comparing both figures it can also be revealed less
black spots indicative of pores/voids in high volume BFS
paste containing NA than high volume BFS paste indicating
formation of additional hydration products such as CSH/CAH
as shown in the figure. Similar, improvement can also be
seen in the high volume BFS paste containing 80% BFS and
that containing NA in Figures 8C,D where paste containing
77% BFS and 3% NA in Figure 8D exhibited much denser
microstructure than high volume BFS paste containing 80%
BFS in Figure 8C. The EDS spectra in the same figure shows
the formation of more CSH/CAH in the high volume BFS
pastes containing NA than that of high volume BFS pastes
without NA. The similar densification of microstructure of high
volume BFS-FA paste due to addition of NA can also be seen
by comparing Figure 8F with Figure 8E, where the peak of
silica in EDS is much higher in paste containing NA than
without NA indicating formation of more CSH/CAH in the
former than the latter. The higher peak of silica in EDS is also
evident in high volume BFS pastes containing NA than those
without NA.

CONCLUSIONS

The effects of various nano alumina contents on compressive
strength and microstructure of cement pastes containing HVBFS
and high volume blast furnace slag-fly ash combination are

reported. Based on limited study the following conclusion can
be drawn:

• The addition of nano alumina (NA) improved the compressive
strength of cement pastes containing 70, 80, and 90%
BFS by about 16, 8, and 2%, respectively. In the case
of combined BFS and FA content of 70 and 80% the
improvements are 9 and 16%, respectively, due to addition
of NA.

• The compressive strength of high volume BFS paste containing
70% BFS and NA exceeded the compressive strength of control
OPC paste. However, not exceeded at 80 and 90%BFS contents
and combined BFS and FA content of 70 and 80%.

• The addition of nano alumina significantly reduced the pore
volume of large capillary pores of high volume BFS pastes,
and increased the gel and medium capillary pores of paste
containing 70% BFS. However, in the case of paste containing
80% BFS the volume of gel and medium capillary pores is
reduced. The addition of nano alumina however, shifted the
critical pore diameter of high volume BFS pastes frommedium
capillary pores to large capillary pores. However, in the case of
high volume BFS-FA paste an opposite trend is observed.

• High volume BFS and combined BFS-FA pastes with and
without NA exhibited significant reduction in Ca(OH)2
compared to control OPC paste. However, NA does not
reduced the Ca(OH)2 in High volume BFS paste. Reduction
in Ca(OH)2 is observed in high volume BFS-FA paste due to
addition of NA than the control.

• Intensity of CAH, Ettringite and CSH peaks is increased in
high volume BFS pastes due to addition of NA. New crystalline
peaks for Mullite and Gehlenite are detected in high volume
BFS-FA pastes containing NA.

• SEM images show denser microstructure of High volume
BFS and combined BFS-FA pastes containing NA than those
without NA. EDS analysis also shows increase in “Si” and “Al”
peaks in EDS spectra around slag particles of High volume BFS
and combined BFS-FA pastes due to addition of NA indicating
formation of CSH/CAH in the matrix.

• The optimum mix could be that containing 69% slag and 1%
NA whose compressive strength exceeded the control OPC
paste’s strength.
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