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ABSTRACT

Meta-kaolin as a pozzolanic active material was prepared by firing kaolin ore at
different temperatures ranged from 500-1000°C for different soaking times from 1- 5
hours. Optimization of the preparation study was carried out. The optimum conditions
were shown to be at 750°C for 5 hours. Mechanical and physico-chemical
characterization of blended cement pastes made by partial replacement of Portland
cement (PC) with 0, 5, 10 and 15 wt. % of metakaolin were studied. The pastes were
hydrated for various time intervals of 1, 3, 7, 14 and 28 days. At each time interval, the
hydrated pastes specimens were tested for compressive strengths, hydration Kinetics,
differential scanning calorimetry, XRD analysis and scanning electron microscopy.
Blended pastes made of 90% OPC + 10% MK showed the highest compressive strength
values at all hydration ages. DSC thermograms and XRD diffractograms results showed
the formation of nearly amorphous calcium silicate hydrates (mainly as CSH. | & 1),
calcium sulphoaluminate hydrates (ettringite and monosulphate hydrates), calcium
aluminate hydrates, calcium hydroxide (CH) and CaCOs. Scanning electron microscopy
micrographs indicated the formation of denser microstructure for the hardened OPC-
MK pastes as compared to neat OPC pastes after 28 days.

Keywords: Blended Cement, Ordinary Portland Cement, Metakaolin, compressive
strengths, hydration Kkinetics.

1. INTRODUCTION

Increased attention to the environmental impact of ordinary Portland cement (OPC) has
prompted researchers to search for alternative clinkers with less construction materials
[1]. Partial replacement of Portland cement by different pozzolanic materials such as
metakaolin, fly ashes and blast furnace slag, represents a common route to reduce CO»
emissions [2]. Metakaolin (MK) was used widely as a highly reactive pozzolanic
material [3]. Its physical and chemical characteristics greatly depend on the starting raw
kaolinite ore used and temperature of calcination [4]. The calcination temperature of
kaolinite is usually fell in the range between 500-900°C depending on the crystallinity
and purity of the raw kaolinite used [5-10]. At higher temperatures (>900°C), the
metakaolin undergoes further reactions to form crystalline compounds [11]. In the
presence of water, metakaolin, goes into reaction with CH which is released in the
hydration of cement and forms calcium alumina hydrate and alumina silicate hydrate
crystal structured products (such as CoASHs-stratlingite, C4AH;3 and C3ASHs-
hydrogarnet) [12,13]. Rashad A. M. (2013) investigated in detail the performance of
metakaolin as pozzolan and its effect on improvement of properties of concretes and
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mixtures [14]. Mahyuddin B. R. and Alonge O. R. (2016) studied the physical
properties of metakaolin produced in the laboratory from purified Kaolin [15]. loannis
P. et al. (2014) investigated the effect of replacement of cement or limestone powder by
metakaolin, on the rheology and the mechanical characteristics of the concrete mixtures.
It has been found that the compressive strength is significantly enhanced and a similarly
increasing trend is observed for higher replacement levels, regardless of the replaced
material [16]. The pozzolanic reactivity of metakaolin (MK), and the effects of MK on
mechanical properties, pore structure and heat of hydration of mortars made by
replacing the cement with MK at 0%, 6%, 10%, and 14% by weight at a constant 0.17
w/b ratio were studied [17]. Results concluded that with the consideration of
mechanical properties and heat of hydration, 10% MK content mortar is more favorable
than the others. A study on the influence of nano-metakaolin (NMK) on physical,
mechanical and microstructural properties of high volume vermiculite blended white
Portland cement (WPC) was investigated [18].

Results revealed a significant enhancement in both compressive and flexural strength,
and about 57 and 59%, increase respectively were obtained at 10% NMK replacement.
The effect of up to 20 wt. % substitutions of OPC by MK on the hydration
characteristics of MK-blended cement pastes was investigated [11]. The results
indicated that substitution of up to 20 wt. % OPC by MK as pozzolanic materials
resulted in an increase in the standard water of consistency, acceleration of the initial
setting times, high compressive strength values at earlier ages and improvement of the
mechanical and durability properties. The Pozzolanic and hydraulic activity of nano-
metakaolin were investigated [19]. The results indicated that the optimum firing
temperature of metakaolin (MK) was 750°C for 2 hrs. The effect of inclusion of
metakaolin on the hydration characteristics and microstructure of hardened OPC-MK
pastes was studied [20]. The compressive strength results revealed that the inclusion of
metakaolin into OPC improved the mechanical properties of MK—-OPC pastes during
almost all ages of hydration, especially with the paste containing 10 wt. % MK.

2. EXPERIMENTAL PROCEDURES

Technological sample of the ordinary Portland cement CEM I 52.5R (OPC) was kindly
provided by El Arish Cement Company, North Sinai, Egypt. Meanwhile, a
representative kaolin ore sample was gathered from EI-Teeh deposit, northeast of Abu
Zenima locality, Sinai Peninsula, Egypt. Kaolin ore sample was subjected to size
reduction and fine grinding using an attritor unit. The ground kaolin was subjected to
series of hydro-cyclones to reject the fine silica > 10 microns. The refined kaolin was
then subjected to calcination study to optimize the formation of metakaolin material.
Calcination temperatures between 500 to 1000°C and firing soaking periods between 1
hr to 5 hrs were the main studied factors that controlling the metakaolin formation.

Differential thermal analysis (DTA) study was carried out using “NETZSCH STA 409
C/CD” adapted to follow the calcinations process. Phase composition analysis was
conducted using XRD diffractometer, model” Bruker axs, D8 Advance. Scanning
electron microscope (SEM) model FEI Inspect S50 has been used to study the
morphology and microstructure of the samples. Series of mixtures were prepared from
OPC, blended with different amounts of metakaolin as shown in table 1.
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Table (1): Percentage composition of metakaolin cement blends.

Each dry mixture was mechanically stirred for 3 hrs in porcelain mixer to attain
complete homogeneity, and then kept in airtight containers for further investigation. The
water requirements of the cementitious mixtures (Normal consistency) as well as initial
and final setting times were measured by Vicat apparatus according to ASTM C
187,191 [11]. The mixing of OPC and blended cement dry mixtures was carried out
with the required water of consistency. Each dry mixture was mixed with water for
about 3 minutes. After mixing, the resulting pastes were molded into cubic specimens
(2.54 cm x2.54 cm x2.54 cm) by using stainless steel cubic moulds. Immediately after
molding, the moulds were cured at about 100% relative humidity at room temperature
for the first 24 hours in order to attain the final setting of the specimens [19]. After 24
hrs, the hardened cement pastes were then removed from the moulds and cured under
tap water for 28 days. The applied time intervals were 3, 7, 14 and 28 days of hydration.
At each hydration time intervals, 3 cubes represent each hardened pastes are subjected
to compressive strength test. The stopping of hydration process was performed on the
crushed cubic specimens after the compressive strength determination. The stopping
solution was composed of methyl alcohol and acetone (1:1 by volume) [21].

Finally, the powdered samples were dried at 80°C for three hours in CO»- free
atmosphere and maintained in a desiccator for further investigation. Kinetics of
hydration process was studied from the determination of chemically-combined water
contents (CW, %) and free lime (CaO, %) contents for the hardened specimens at
different intervals time of hydration [19]. Some selected samples of OPC-MK cement
pastes were directed to X-ray diffraction analysis. The thermal behavior of the hydrated
specimens of different OPC-MK mixes was tested by differential scanning calorimetry
(DSC) technique using DSC-50 instrument from Shimadza (Japan) at heating rate of
10°C/min.

3. RESULTS AND DISCUSSIONS

3.1. Compressive Strength Measures and Hydration Kinetics of Neat OPC and
OPC-MK Hardened Pastes.
The results of compressive strength of neat and blended cement pastes containing 5, 10
and 15% MK are represented in figure 1. The partial substitution of OPC-MK after
hydration for 1, 3, 7, 14 and 28 days showed improving in compressive strength values
than the neat OPC paste especially at later hydration ages. This increase in the
compressive strength values are mainly attributed to the pozzolanic reaction between
the free calcium hydroxide (CH), liberated from Portland cement hydration, with
metakaolin (MK) to form excessive amounts of hydration products, mainly CSH gel as
well as stabilization of CSH hydrates, which fill the voids and pores that leads to a
reduction in the total porosity as well as an increase in the total contents of binding
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centers in the specimens, [22-23]. Beside, according to the data obtained in figure 1, it
was found that, at each hydration age the compressive strength values increase with
increasing of MK content in blended cement pastes up to 10 wt. %. This was followed
by a reduction in the compressive strength values at 15% MK. This is mainly due to the
dilution of OPC content, which has more hydraulic properties than MK, [19]. Therefore,
the maximum improvement in the compressive strength of the hardened cement pastes
was found at 10% MK as a partial substituent of OPC. However, the improvement in
the compressive strength with different additions of MK may be explained as follows:
when water is added to the OPC-MK mixture, lime concentration will be high as a
result of initial hydration of OPC, the silica and alumina go into solution quickly and
react to form hydration products (mainly calcium silicate hydrate) together with
formation of hexagonal calcium aluminate hydrate (mainly as C4AH;3) which are
precipitated as soon as saturation is approached. For hardened paste MK15 (85% OPC
+15% MK), results of compressive strength showed a relatively lowering values
compared to that in case of MKS5 and MKI10. Meanwhile, these low values were
relatively higher than that of neat OPC paste (MKO0) during all ages of hydration, figure
1. It was reported that the slight decrease in the strength values of the hardened pastes
made of mixes having higher percentages of MK (such as 15% MK) may be attributed
to the presence of residual (unreacted) amounts of MK which act as filler in the
hardened OPC-MK pastes [24].
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Fig. 1: Compressive strength (MPa) versus age of hydration for neat OPC and
various OPC-MK hardened pastes.
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Figure 2 illustrates the results of chemically combined water content versus the ages of
hydrations for the investigated pastes (MKO — MKI15). The results showed a fast
hydration reaction takes place from the time of mixing up to 3 days of hydration, figure
2. This was followed by a considerable increase in (Cw %) up to 7 days of hydration.
However, that, the initially formed hydration products shield the cement grains leading
to a slower rate of hydration reaction; this is followed by a gradual increase in the rate
of hydration up to the final stages of hydration (28 days).
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Fig. 2: Chemically combined water content versus age of hydration.

Figure 3 represents the results of the free lime contents (CaO, %) versus age of
hydration for the hardened cement specimens (MKO — MK15). Results showed that the
produced free lime content (CH) increases gradually with increasing age of hydration
up to 28 days. The observed free lime contents for all OPC-MK hardened pastes were a
result of two opposite actions. The first action was the increase in the amount of free
lime, which liberated from hydration of Portland cement, and the second action was the
consumption of such liberated lime via its pozzolanic reaction with MK. Therefore, the
results indicate that the free lime contents obtained after all admixed OPC-MK pastes
were lower than those of the neat OPC paste. In addition, as the percentage of
metakaolin replacement increased, the free lime content decreased because of the
consumption of free lime by the pozzolanic reaction. Obviously, the pozzolanic cement
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paste having the highest MK content (MK 15) has the lowest free lime contents at all
ages of hydration; this is due to the remarked consumption of free lime by metakaolin
because of the pozzolanic reaction. These results are in agreement with the results
reported in earlier publications [22].
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Fig. 3: Free lime content versus age of hydration for neat OPC and various OPC-
MK hardened pastes.

3.2. Thermo-gravimetry (TG), Differential Scanning Calorimetry (DSC), and
Differential Thermo-gravimetry (DTA) thermograms Analyses.
Thermo-gravimetry (TG), Differential Scanning Calorimetry (DSC), and Differential
Thermo-gravimetry (DTG) thermograms analyses of the hardened pastes made of neat
OPC (MKO) and the blended pastes made of 90% OPC and 10% metakaolin (MK10)
after 1, 14 and 28 days of hydration at room temperature are shown in figures 4.1a,
4.1b, 4.1c, and 4.2a, 4.2b, 4.2¢, respectively. For the control hardened cement paste,
MKO, showed three endothermic peaks between 60°C and 130°C are suggested to be
due the evaporation of free water beside the dehydration of the interlayer calcium
silicate hydrates (CSH), calcium aluminate hydrates (CAH) and calcium
sulphoaluminate hydrates, figures 4.1a, 4.1b and 4.1c, [25]. The intensity of these
endothermic peaks showed gradual increasing with the increase of the hydration time
due to the excessive formation of larger amounts of CSH and/ or the latter
crystallization of CSH with increasing age of the main hydration products of OPC. The
gradual increase in the decomposition rate of calcium hydroxide (CH) liberated from
the hydration of OPC with increasing the aging time was appeared as a big endothermic
peak at 410-450°C that represents the main weight loss, figures 4.1a, 4.1b and 4.1¢c. The
endothermic reaction due to the decomposition of calcium carbonate was shown as
endothermic peak located between 660°C and 720°C, [26]. However, the decrease in the
intensity of this endothermic peak with increasing the hydration age could be attributed
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to the reaction of CO,with CaCOs to form Ca(HCO:s),, figures 4.1a, 4.1b and 4.1¢ and/
or the increase in the degree of crystallinity of CaCOs. This indication is accounted for
the degree of carbonation of the hardened pastes. The hardened blended cement pastes
showed the same endothermic peaks in their TG, DSC and DTG as in the neat cement
pastes indicates the same hydration products are formed in the metakaolin- OPC
blended pastes as in the neat OPC pastes. However, the endothermic peaks located
between 90°C and 150°C is due to the decomposition of calcium silicate hydrates
(CSH) which overlapped with calcium sulphoaluminate hydrates (ettringite and meno
sulphate hydrates), figures 4.2a, 4.2b and 4.2¢. The intensity of these endothermic peaks
increases with the increase of hydration time due to the excessive formation of larger
amounts of calcium silicate hydrates (CSH), as well as the pozzolanic reaction between
the liberation CH and MK. The endothermic peak located at 400-440°C represents the
major loss in weight due to the decomposition of calcium hydroxide (portlandite). The
intensity of this endotherm peak decreases with increasing age of hydration, figures
4.2a, 4.2b and 4.2c. Beside, this endothermic peak shows lower intensity compared to
that obtained in case of neat OPC. These results are explained in terms of the decrease
in the amount of free calcium hydroxide due to its pozzolanic consumption with MK.
The endotherm located at 640-710°C related to the decomposition of calcium carbonate
with different degrees of crystallinity.

These endothermic peaks are accounted for the degree of carbonation of the hardened
pastes.
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Fig. 4.1a: The TG, DSC and DTG thermograms of the hardened neat OPC after 1
day.
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Fig. 4.1b: The TG, DSC and DTG thermograms of the hardened neat OPC after 14

days.
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Fig. 4.1c: The TG, DSC and DTG thermograms of the hardened neat OPC after 28
days.
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Fig. 4.2a: The TG, DSC and DTG thermograms of the hardened OPC-MK paste
made of mix MK10 after 1 day.
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Fig. 4.2b: The TG, DSC and DTG thermograms of the hardened OPC-MK paste
made of mix MK10 after 14 days.
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Fig. 4.2¢: The TG, DSC and DTG thermograms of the hardened OPC-MK paste
made of mix MK10 after 28 days.

3.3. X-ray Diffraction Analysis

X-ray diffractograms for the hardened cement pastes of neat OPC and OPC containing
10% MK (MKO and MK10) after 28 days of hydration are shown in figure 5. The
results indicate that the distinct phases identified for the neat OPC at 28 days of
hydration. The peaks characterizing tricalcium aluminate (C3A) were not detected as
expected due to the fast rate of hydration and its reactivity with gypsum with the
formation of ettringite (C3A.3CaS04.32H>0) which is transformed to the mono-sulphate
hydrate (C3A.CaS0O4.12H,0) during the early stages of hydration and overlapped with
the peaks of unhydrated silicate phases and hydrated calcium silicates. The calcium
hydroxide phase formed as a result of hydration of anhydrous calcium silicates in OPC
clinker, could be distinguished, as well as the calcium silicate hydrates, CSH(I) and (I1),
as the main hydration products, figure 5.

The main hydration products of hardened OPC paste blended with 10% MK (mix
MK10), are the nearly amorphous and microcrystalline calcium silicate hydrates (CSH),
calcium hydroxide (CH) and calcium aluminosilicate hydrates (CASH).

In conclusion, the intensity of CH peaks of blended cement paste containing 10% MK
(MK10) is lower than in case of neat OPC (MKO); this due to the consumption of CH
after the reaction with MK (pozzolanic reaction). Meanwhile, the intensity of hydration
products of calcium silicate hydrates (CSH) and calcium aluminate silicate hydrates
(CASH) of mix MK10 is larger than in case of MKO.
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Fig. 5: XRD Patterns for the hardened cement pastes of neat OPC (MK0) and
OPC containing 10% MK (MK10) after 28 days of hydration.

3.4. Scanning Electron Microscopy (SEM).

The microstructure of the neat OPC paste (MKO0) hydrated for 28 days is shown in
figure 6. The formation of crumpled fibrous particles of tobermorite-like CSH phases
was indicated as the dominant hydration products, figure 6. The hexagonal calcium
aluminate hydrates and hexagonal calcium hydroxide (portlandite) deposited in the
originally water-filled spaces as well as unhydrated cement grains.

Fig. 6: SEM micrograph for the hardened neat OPC paste (MKO0) after 28 days of
hydration.

-48 -



TIMS Bulletin Volume 107 February 2018

The microstructure of the hardened OPC paste blended with 10 %MK (MK10) after 28
days of hydration are shown in figure 7. The SEM micrograph indicated the formation
of crumpled fibrous particles with dense structure of tobermorite-like CSH phases as the
dominant hydration products among the other hydrated phases deposited in the
originally water-filled spaces in addition to the presence of unhydrated parts of cement
and metakaolin grains. The crystals of calcium hydroxide (CH) and porosity appeared in
paste made of OPC without metakaolin addition (MKO) are relatively disappeared in
this paste as a result of pozzolanic reaction with addition of 10% MK.

HV | det [mag
20.00 kV LFD | 7 00!

Fig. 7: SEM micrograph for the hardened OPC paste containing 10% MK (MK10)
after 28 days of hydration.

4. CONCLUSIONS
Based on the results in this investigation, the following could be concluded:

e The hardened blended cement pastes made of 90% OPC + 10% MK possesses the
highest strength values at all hydration ages as compared to other pastes containing 0, 5
and 15% MK.

e The free lime contents obtained for all hardened blended pastes of OPC- MK are lower
than those of the neat OPC paste.

e DSC thermograms and XRD diffractograms obtained for the hardened blended cement
pastes and neat cement indicate the formation of nearly calcium silicate hydrates
(mainly as CSH. | & |II), calcium sulphoaluminate hydrates (ettringite and
monosulphate hydrates), calcium aluminate hydrates, CH and CaCO:.

e Scanning electron microscopy micrographs indicate the formation of denser
microstructure for the hardened OPC- MK pastes as compared to neat OPC pastes after
28 days of hydrations.
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