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ABSTRACT

Ground granulated blast furnace slag is a finely ground, rapidly chilled aluminosilicate melt
material that is separated from molten iron in the blast furnace as a by-product. Rapid
cooling results in an amorphous or a glassy phase known as GGBFS or water-cooled slag
(WCS). Alkaline activation of latent hydraulic WCS by 6% sodium hydroxide was studied.
Nano clay is an ultrafine material that produced from firing kaolin material up to 800ºC for
2hrs with a heating rate of 5ºC/min; this can modify mechanical, microstructural and
thermal properties of geopolymer products and added to the geopolymer mix in the ratio of
0 up to 7% of the dry weight. Curing was performed under 100% relative humidity and at a
temperature of 38ºC. Gelenium Ace super-plasticizer was added in the ratio of 4% from the
dry weight to ensure good dispersing of the used nano clay. Results showed that
increasing the percentage of nano clay up to 1% results in an enhancement in the
mechanical properties as compared with control mix up to 90 days, while higher ratio leads
to matrix dilution and so negatively affect mechanical characteristics of the resulting
products. The study of thermal properties is taken place for the different ratios by
experimental and mathematical evaluation. Study shown that the thermal properties as well
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as thermal insulation properties improved with the increased ratio of nano clay in ratio 1-
1.5%.

Keywords: Nano-clay; geopolymer; slag; microstructure; thermal properties.

1. INTRODUCTION

Geopolymers are inorganic polymeric materials, firstly developed by Joseph Davidovits in
1970s. Geopolymerization involves a chemical reaction between alumino-silicate oxides and
alkali metal silicate solutions under highly alkaline conditions yielding amorphous to semi-
crystalline three-dimensional polymeric structures, which consist of Si–O–Al bonds [1], and
gave a fresh insight into this class of inorganic polymer.

Geopolymerization is being considered for replacing traditional structural materials and
offers a possible solution to the immobilization of toxic and radioactive wastes as well as the
treatment of industrial wastes to produce value added construction materials. Therefore,
there is an increasing need for multiple source materials to be jointly geopolymerised to
maximally exploit the respective properties of the individual sources regarding compressive
strength, stability and durability [2].

Geopolymer can be thought of as a new generation binder as a substitute for the calcium
silicate hydrate which are essential components of Portland cement. Geopolymers may have
a lower impact on global warming than OPC but on the other side they have a higher
environmental impact regarding other impact categories [3].

Ordinary Portland Cement (OPC) is the main ingredient used in the production of concrete-
the most widely used construction material in the world. In the past, concrete was simply a
composite of OPC paste with aggregates, however, modern-day concrete incorporates other
cementitious materials, which act as partial replacements of OPC. The manufacturing of
OPC requires the burning of large quantities of fuel, and decomposition of limestone. Both,
burning of fuel and decomposition of limestone, result in significant emissions of carbon
dioxide. For every ton of OPC manufactured, nearly one ton of CO2 is produced depending
on the production process adopted [4]. Cement plants are reported to emit up to 1.5 billion
tons of CO2 into the atmosphere annually [5,6]. Hence, environmental preservation has
become a driving force behind the search for new sustainable and environmentally friendly
composites to replace conventional concrete produced from OPC.

In 1978, Davidovits [7] introduced the word ‘geopolymer’ to describe an alternative
cementitious material, which has ceramic-like properties. As opposed to OPC, the
manufacture of aluminosilicate-based geopolymer does not consume high levels of energy,
as water cooled slag (WCS), known also as ground granulated blast furnace slag, is already
an industrial by-product. This geopolymer technology has the potential to reduce emissions
by 80% [4] because high temperature calcining is not required. It also exhibits ceramic-like
properties with superior resistance to fire at elevated temperatures. Geopolymer can be
produced by combining a pozzolanic compound or aluminosilicate source material with
highly alkaline solutions [8].

During the period of the second half of the previous century, the terms “nano-science " and
"nano-technology" were not yet familiarly used as today, however they were really
practicized and successfully applied to the progress in the field of material science and
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technology. Concrete performance is strongly dependent on nano-size dimensions of solid
material such as C-S-H particles or voids such as the gel porosity in the cement matrix and
the transition zone at the interface of cement paste with aggregate or steel reinforcement,
typical properties affected by nano-sized particles are strength, durability, shrinkage and
steel-bond. The word nano means anything of size 10-9, nanoparticles is a solid particle of
having size in the range 1 to 100 nm.

The use of nano-particles in cement and concrete can lead to improvements in the
nanostructure of building materials [9]. Nano-materials show unique physical and chemical
properties that can lead to the development of more effective materials than ones which are
currently available [10]. The extremely fine size of nano-particles yields favorable
characteristics. Nano-particles are unique because their size affects the behavior of cement.
Ginebara et al. [11] reported that the particle size can greatly affect the hydration kinetics of
cement. Ultra small magnetic ferrite nano particles (diameter smaller than 15 nm) have a
convenient size to be dispersed in a liquid carrier and provide a colloidal solution known as
magnetic fluid (or Ferro fluid). Such solution, which having both the fluid and magnetic
properties, may lead to numerous industrial applications [12]. Several studies were
performed concerning with applications of nanotechnology and nano materials in
Construction [13-20].

Khater et al. [21] studied the alkaline activation of latent hydraulic WCS by 6% sodium
hydroxide. Nano silica is an ultrafine material that can modify mechanical, microstructural
and thermal properties of geopolymer products and added to the geopolymer mix in the ratio
of 0, 0.50,1 and 1.5% of the dry weight. Curing was performed under 100% relative humidity
and at a temperature of 38oC. Gelenium Ace super-plasticizer was added in the ratio of 4%
from the dry weight to ensure good dispersing of the used nano silica. The results showed
that increasing the percentage of nano silica results in an enhancement in the mechanical
properties as compared with the control mix up to 90 days. The study of thermal properties is
taken place for the different ratios by experimental and mathematical evaluation. The study
shown that the thermal properties as well as thermal insulation property are improved with
the increase ratio of nano silica.

Wen-Y Kuo et al., shown that the compressive and flexural strengths of cement mortars
enhanced with SiO2 and Fe2O3 nano-particles [22]. It was found that the nano-particles
which dispersed uniformly in a cement paste will accelerate cement hydration due to their
high activity [23]. Additionally, the nano-particles will fill pores leading to increase strength
and improve the microstructure of cement and the interface between the cement paste and
aggregates in concrete. It was also found that nano-Fe2O3 exhibits a self-sensing of strain
capability which can be useful for structural health monitoring [23].

The main purpose of this work is the preparation of geopolymer materials by alkaline
activation of amorphous water cooled slag materials. The other target is to investigate the
effect of addition of different ratios of nano clay on alkali with activated cooled water slag and
study its impacts on mechanical and microstructural characteristics. X- ray diffraction and
SEM are used for scanning and analysis of the composite structure of nano geopolymer.
While, the compressive strength measurement was used to evaluate the mechanical
performance of the geopolymer mixes. Thermal properties are also used to evaluate the
geopolymer characterization compared with the plain mix that without nano clay.
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2. MATERIAL AND METHODS / EXPERIMENTAL DETAILS / METHODOLOGY

2.1 Materials

The material used in this investigation is water cooled slag or what is known as ground
granulate blast furnace slag (GGBFS) sourced from Iron and Steel Factory- Helwan, Egypt;
its chemical composition is illustrated in Table (1). Sodium hydroxide (NaOH) is produced by
SHIDO Company with purity 99 % is used as alkali activator. Kaolin material used for
preparation of nano-clay brought from Middel East for Mining Investment Co., Egypt. The
chemical composition of the starting raw materials was illustrated in Table (1).

Mineralogical characterization was done using X-ray diffraction analysis as represented in
Fig. (1). The pattern showed that water cooled slag composes mainly of amorphous
materials, while Nano-clay composed of about 95% kaolin and 5% quartz.

2.2 Synthesis of Nano- Clay

Clay nanoparticles are synthesized by firing high pure kaolin at 800 degree for 2hrs with a
heating rate of 5oC/ min to form an amorphous nano precusrsors. Nano clay firing  results in
the formation of  nano clay particles with the average particle size 35-53nm, while its raw
materials before firing has a grain size about 100% <10µm as indicated  from the TEM [Fig.
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(2)]. Fig. (3) illustrate XRD pattern of fired and unfired kaolin materials, the pattern reflects
that mostly all the kaolin residues are distorted and dehydrated forming amorphous nano-
clay material.

2.3 Geopolymerization and Curing

Geopolymer was made by hand-mixing raw materials of each mixture passing a sieve of 90
µm with the alkaline solution for 10 min. and a further 5 min. with a mixer. All investigations
involved using 6% NaOH of dry mixes based on previous investigation [23]. The water-
binder material ratio (w/b) was about 0.27 by mass. Nano clay was added to the binding
material (Blast furnace slag) in small quantities 0, 1, 1.5, 3, 5 and 7 % as illustrated in Table
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(2), mixed well with part of the total water using a magnetic stirrer, the other part of water is
mixed with the 6 % alkali activator (NaOH) then it is added to the binding material in the
mixer followed by the deflocculated Nano-clay (NC) and finally 4% super plasticizer -
Gelenium Ace (SP) is added to the mix. Paste mixture were cast into 25×25×25 mm cubic-
shaped moulds, vibrated for compaction and sealed with a lid to minimize any loss of
evaporable water.

Table (2). Mix design of incorporation of nano-clay in mixes of water cooled slag
materials

Mix slag NC, % NaOH, % Sp, % Density,
kg/m3

A1 100 0 6 4 2105
A2 100 0 6 4 2094
K1 99.5 0.5 6 4 1912.3
K2 99.0 1.0 6 4 1827.9
K3 98.5 1.5 6 4 1835.1
K4 97.0 3.0 6 4 1829
K5 95.0 5.0 6 4 1790.1
K6 93.0 7.0 6 4 1716.2

All mixes were left to cure undisturbed under ambient temperature for 24 hour, and then
subjected to curing temperature of 38oC with a 100 % relative humidity. At the end of the
curing regime, the specimens were subjected to the compressive strength measurements
and then the resulted crushed specimens were subjected to stopping of the hydration
process using solution of alcohol/acetone (1:1), followed by washing with acetone as
recommended by Saikia et al. [24] in order to prevent further hydration and for further
analysis and followed by  drying of the crushed specimens for 24 hours at 80ºC and then
preserved in a well tight container until the time of testing.

2.4 Methods of Investigation

Chemical analysis was carried out using Axios, WD-XRF Sequential Spectrometer
(Panalytical, Netherland, 2009). Compressive strength tests were carried out using five
tones German Brüf pressing machine with a loading rate of 100kg/min determined according
to ASTM-C109-07[25]. The XRD analysis was carried out using a Philips PW3050/60
Diffractometer. The data were identified according to the XRD software. The microstructure
of the hardened alkali activated water cooled slag was studied using SEM Inspect S (FEI
Company, Netherland) equipped with an energy dispersive X-ray analyzer (EDX). The
removal of free water was accomplished by using alcohol/acetone method as recommended
by Saikia et al. [24]. The investigation of thermal properties; instantaneous thermal
conductivity K and U (measure of the rate of heat loss)-value are also measured as
represented in Fig. (4).
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Fig. 4. Test set up for both K and U values

3. RESULTS AND DISCUSSION

3.1 Mineralogical and Mechanical Characteristics

The results of compressive strength for hardened geo polymer mixes along with various
Nano-clay content and cured at 100% relative humidity and at 38o C up to 90 days are
shown in Fig. (5) and represented in Table (3) .The results show the increase of strength in
all mixes along with hydration age which is attributed to the continuing pozzolanic reaction in
slag pastes. It is known that a dosage of 6 % NaOH (NH) achieved better gain in
compressive strength where it provides a high pH (more than 12) as mentioned latter [23];
suitable for GGBS activation and enhancing better geopolymeric structure.

Table (3). Compressive strength of nano-clay and water cooled slag mixes (Kg/Cm2)

Mix 3 days 7 days 28 days 90days
A1 200.00 222.03 323.63 341.01
A2 200.65 246.43 346.47 437.38
K1 170.14 256.55 340.44 376.50
K2 197.72 287.97 378.85 393.31
K3 158.88 234.52 263.81 284.14
K4 141.17 155.86 222.36 237.05
K5 137.09 146.64 211.59 214.04
K6 120.28 129.66 135.37 182.95

It is noticed that using super plasticizer positively affect compressive strength values where
a good workability of the geo polymer specimens resulted in a homogeneous composition
and so increase in compressive strength values.  It is also noticed an increase of strength
with nano clay addition up to 1 % while it is slightly decreases by addition of 1.5 % nano
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clay, this increase may be due to the fact that highly reactive nano clay consumes the
liberated hydrated lime from hydration reaction and result in the formation of CSH that acts
as nucleating sites for geopolymer formation and accumulation [26], the added nano clay
positively affect the reaction by contributing with its alumina and silicon oxides into
geopolymer formation; however its ultra fine composition hinder the progress  of the reaction
if added in a higher dose.

Fig. (6), shows the XRD result of Mixes K1, K3, K5 and K6 respectively corresponding to
different nano clay ratio (0.5, 1, 3, 7) added to slag geo polymer, there is an indication of
complete dissolution of the alumina-silica constituents into fully poly condensed amorphous
phase as confirmed by the presence of the dominant amorphous hump from 2 theta =17º to
2 theta = 35º in the XRD pattern. However, K3 with 1 % of nano clays additive achieved the
best compressive strength at 28 days of curing compared to other mixes due to highest
amorphous geo polymer content which gave rise to formation of compact microstructure.

Fig. (6). XRD of slag geopolymer with different nano-clay and cured at 28 days
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3.2 Evaluation of Thermal and Physical Properties

This work carried out to study the thermal physical properties of a nano clay geopolymer
mixes that contains 0, 0.5, 1, 1.5, 3, 5, and 7% NC as a partial replacement of slag
precursor. The measurements are taken place for the control sample and for each new
sample K’ each of thickness 2.5 cm. The measurements are taken for the external and
internal sample face, the external and internal air and for the shaded air. The passed heat
fluxes are measured through each sample. The thermal parameters that will be used to
evaluate the materials are:

i. U value: the measure of the rate of heat loss.
ii. Thermal time constant value: (lumped capacity analysis method) for thermal

systems, used when objects cool or warm uniformly under the influence of
convective cooling or warming.

iii. Time lag value: time delay due to the thermal mass; the thicker and more resistive
the material, the longer it will take for heat waves to pass through.

iv. Decrement factor: the ratio of the amplitude of the temporal evolution of the
temperature on the inner surface of the multi-layer material to that of the sol-air
temperature or the outer surface temperature.

The U value are evaluated from the measurements for the thickness 2.5 cm and evaluated
theoretically for other thickness 5 cm, 10cm, 15 cm and 20 cm. These results are shown in
Fig. (7).

Fig. (7). The variation of U- value for different thickness of samples group K

Fig. (7), shows that K’  samples  have U- values lower than that of control sample , But K2
and K5 have value nearly to that of control sample. While K3 and K6 have the lowest value,
which can be confirmed with the required U value that given in Egyptian Energy Code No.
306/1 -2006.The Thermal time constant Tc use evaluated for the studied samples of different
Thickness; depends on the measured data as shown in Fig. (8).
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Fig. (8). The variation of Thermal time constant Tc with the studied K- samples of
different thickness

Fig. (8) illustrated that the control and K3 sample has the highest values, which is confirmed
with that value required for Cairo and Delta Regions in Egypt. It is clear from Fig. 1 and Fig.
2 that K2 and K3 with 1, 1.5% NC has the best values of both U, Tc values. The time lag and
the decrement values are also evaluated depending on the Tc evaluation and given in
Fig.(9) illustrating that K3 has the highest value of Tg and the lowest value of Dc, which
indicated that it has good thermal performance. While control sample and K2 and K5 are in
contrast with the value of Tg & Dc that given for K3.
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4. CONCLUSION

1. Mechanical and microstructural properties are positively affected with the super-
plasticizer addition.

2. Addition of Nano clay results in an enhancement in geopolymer microstructure
leading to the formation of high performance geopolymer composite which affects
the compressive strength leading to an increase in their values as compared with
specimens without nano clay up to 1%, while further increase results in a negative
effect on the mechanical properties.

3. The study shows that the addition of 1-1.5%NC possess the lowest value of U-
value and Dc ratio and has the highest value of Tc and Tg values, which reflect
good thermal performance and low energy consumption.
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