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Abstract Nano-metakaolin (NMK) was prepared by firing of Nano-kaolin (NK) at different tem-
peratures (750-825 C) for 2 h. The pozzolanic activities of NMK samples were studied using
hydrated lime as an activator. The optimum firing temperature of metakaolin (MEK) was established
from the results of hydration kinetics and differential scanning calormmetry (DSC) and found to be
750°C; NMK, thus produced, is designated as NMK(750). This was based on the marked con-
sumption of free calcium hydroxide by NMK fired at 750 *C as well as the highest values of chem-
ically combined water at all ages of hydration. Therefore, NME(750) was used for partial
replacement of OPC and studying the physico-mechanical propertics of OPC-NMK blended
cement pastes. The optimum substitution of OPC by NMEK was found to be 8-10%. This was based
on the development of compressive strength of the vanous hardened OPC-NMEK blended cement
pastes having different NMK contents (0-16%), where the strength increases with NMK content up
to 10% and then decreases. In addition, the SEM micrographs obtained for the hardened OPC
(93% }-NMEK (7%) blended cement paste displayed the formation of amorphous and microcrystal-
ine CSH which fill the pores leading to a more dense structure with higher hydraulic activity as
compared to neat OPC paste.
® 2013 Production and hosting by Elsevier B.V. on behalf of Housing and Building National Research
Center.

Introduction

The utilization of caleined clay as a pozzolanic material for
mortar and concrete has received considerable attention in re-
cent years. The effect of nano-clay on the mechanical proper-
ties and microstructure of Portland cement mortar was
investigated [1]. The results showed that the compressive
strength of the cement mortars with NMK was higher than
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the plain cement mortar with the same water/binder ratio.
Metakaolin (MK) which is a pozzolanic material, is a ther-

mally activated aluminosilicate material obtained by firing

kaolinite clay within the temperature range of 700-800 °C

1687-4048 @ 2013 Production and hosting by Elsevier B.V. on behalf of Housing and Building National Research Center.
hetp:/fdx.doi.org/ 10,1001 6/). hbrej. 201 3.09.006



CONTENTS  iiiiiiiiiittitenittetsniensseasonsonnsans Page No.
ACKNOWLGMENT  iiiiiiiiiiitecesecesecncnsasasnsasnsnn i
Listof tables e ii
LiStOf FiQgS.  rirrirrereeseentieeseestnsaasnen iii
Chapter (I) Introduction and Object of Investigation  .............. 1-52
LA INtroduction s s s s seeees 1
I.B. Object of INVEStIgation ..iivieiiieiiniimnerieceecnnieecnsonsoncnsons 52
Chapter (1) Materials and Methods of Investigation  .............. 53-58
I1.A. Starting Materials and Preparation of the Hardened Specimens .... 53
ILA.L. Starting materials =~ ciiiririiiiierecnecreeeceeaeee 53
11.A.1.1. Ordinary Portland cement (OPC)
11.A.1.2. Nano-Kaolin Clay (NK)

11.A.1.3. Sand
I1LA.2. Preparation of Dry MIXES — ciuiieiceeierinrcernccecnsoniensonsanne 53
11.B. Methods of INVeStigation =~ c.eiriceeiierirerneeneccecereccnsanees 55
11.B.1. Compressive strength measurement  ....ccccceeeeeericeencencenen 55
11.B.2. Kinetics of hydration = iiiiiiiiiiiiiiieeientenecnsnens 55

11.B.2.1.Determination of chemically combined water content (Wn,%b)
11B.2.2. Determination of the free lime content (CaO, %)
11.B.3. Thermal resistance = .iiiiiiiiiiiiinninecnsesensesesnsns 56
[1.B.4. Phase composition iiiiiiiiieiieiniieesnsentenecnsnsens 57
11.B.4.1. X-ray diffraction analysis (XRD)
11.B.4.2. Differential scanning calorimetry (DSC)
11.B.4.3. Scanning electron microscopy (SEM)

CHAPTER (IIT) Results & Discussion ......cccceeeeiiieeiennrenncencnnens 59 -121
I11.A. Pozzolanic Activity of Nano-Metakaolin (NMK) .......ccccceeeee. 59
III.A.1. Morphology and Microstructure of NMK  .................. 59
I11.A.2. Pozzolanic Activity of NMK  ciriiiiiiiieceececeeceeennn 60

I11.A.2.1. Kinetics of hydration
I11.A.2.2. Differential Scanning Calorimetry (DSC)
111.B. Physicochemical characteristics of hardened blended cement pastes containing
nano-metakaolin (NMK) ......ccceevviiniruniiiinninnnn. 68
I11.B.1. Hydration kinetics and mechanical properties of the hardened OPC-NMK
blended cement pastesS  .iiiiiiiiiiiiiiiiecennennes 68
I11.B.2. Phase composition and microstructure of the formed hydrates of the
hardened blended cement pastes containing NMK ............. 82
111.B.2.1. X-ray diffraction (XRD) analysis
111.B.2.2. Scanning Electron Microscopy (SEM)
111.B.2.3. Differential Scanning Calorimetry (DSC), Thermogarvimetric (TG)
and Differential Thermogarvimetric (DTG) Analyses
111.B.3. Thermal resistance of hardened blended cement pastes containing nano-
metakaolin (NMK) e e ecnenees 99
111.B.4. Differential Scanning Calorimetry (DSC), Thermogarvimetric (TG) and
Differential Thermogarvimetric (DTG) Analyses of thermally treated OPC—

NMK pastes 102
111.C. Physicochemical characteristics of hardened blended cement mortars
containing nano-metakaolin (NMK) .....cccceceiniinieeennicninnnns 108

111.C.1. Compressive strength of hardened cement mortar containing nano-
metakaolin (NMK)  rrrreecec e nnaees 108



111.C.2. Thermal resistance of hardened blended cement mortars containing nano-

metakaolin (NMK)  rrrrrvereeeeceenens 111
111.C.3. Morphology and microstructure of hardened mortars made of OPC-NMK
blends e 114
CHAPTER (IV) Summary and Conclusions ........cccoeevemeenenns 122 - 125

References ieereitiiiieenaeee. 126 — 138



LIST OF TABLES

5 o
Chapter I1: Materials and methods of investigation
1 Chemical oxide composition of OPC 53
2 The composition of dry mixtures 54
Chapter 111: Results and discussion

3 Characteristics of the DSC thermograms for NMK-CH pastes | 64
using NMK 750, NMK 800 and NMK 825 °C

4 Some physicochemical characteristics of the hardened neat 70
OPC paste (MO0)

5 Some physicochemical characteristics of the hardened blend 72
96% OPC — 4% NMK paste (mix M4)

6 Some physicochemical characteristics of the hardened blend 75
94% OPC — 6% NMK paste (mix M6)

7 Some physicochemical characteristics of the hardened blend 76
92% OPC — 8% NMK paste (mix M8)

8 Effect of firing temperature on the compressive strength of the | 101
hardened OPC-NMK pastes pre-cured for 28 days of
hydration

9 Percentage composition of hardened cement mortars of | 108
(OPC+NMK) and sand by weight

10 Compressive strength values of the hardened OPC-NMK | 110
mortars using sand/(OPC+NMK) weight ratio of 2.5:1

11 Thermal resistance of OPC-NMK mortars after 28 days of 113

hydration




LIST OF FIGURES

Fﬁ;re Figure caption P,fl\g.e
Chapter 111: Results and discussion

1 SEM micrographs of NMK (750°C) 59

2 TEM micrograph of NMK 60

3 Free lime content versus age of hydration of NMK(80%0)— 62
CH(20%0) pastes

4 Combined water content versus age of hydration of 63
NMK(80%)-CH(20%) pastes
Combined water content versus age of hydration of

5 NMK (80%)—CH(20%0) pastes as corrected for hydration 63
products.
DSC thermograms for Pozzolanic activity of NMK, prepared 66

6 by firing of alumina — rich kaolin at 750°C, for NMK (80%b) —
CH (20%0) paste
DSC thermograms for Pozzolanic activity of NMK, prepared

7 by firing of alumina — rich kaolin at 800°C, for NMK (80%b) — 66
CH (20%0) paste
DSC thermograms for Pozzolanic activity of NMK, prepared

8 by firing of alumina — rich kaolin at 825°C, for NMK (80%) 67
— CH (20%) paste
DSC thermograms for Hydraulic (pozzolanic) activity of

9 NMK, prepared by firing of alumina — rich nano-kaolin NK at 67
750, 800 and 825°C, for NMK (80%) — CH (20%) pastes

10 Some physicochemical characteristics of the hardened neat 20
OPC paste (MO0)

1 Some physicochemical characteristics of the hardened blend 79
96% OPC — 4% NMK paste (mix M4)

12 Some physicochemical characteristics of the hardened blend 75
94% OPC - 6% NMK paste (mix M6)

13 Some physicochemical characteristics of the hardened blend 76
92% OPC - 8% NMK paste (mix M8)

14 Compressive strength versus age of hydration for neat OPC 78
and various OPC-NMK hardened pastes.

15 Chemically combined water content versus age of hydration 80
for neat OPC and various OPC-NMK hardened pastes

16 Free lime content versus age of hydration for neat OPC and 80
various OPC-NMK hardened pastes.

17 XRD patterns of the hardened paste made of neat OPC (MO) 84
after 1, 7 and 90 days of hydration

18 XRD patterns of the hardened OPC-NMK paste made of mix 84

M4 after 1, 7 and 90 days of hydration




XRD patterns of the hardened OPC-NMK paste made of mix

19 M6 after 1, 7 and 90 days of hydration 8
20 XRD patterns of the hardened OPC-NMK paste made of mix g5
M8 after 1, 7 and 90 days of hydration
SEM micrographs of the hardened neat OPC paste (mix MO0)
21 . 88
after 3 days of hydration.
29 SEM micrographs of the hardened neat OPC paste (mix MO0) 89
after 90 days of hydration.
SEM micrographs of the hardened OPC-NMK paste of mix
23 . 90
M4 after 3 days of hydration.
24 SEM micrographs of the hardened OPC-NMK paste of mix 01
M4 after 90 days of hydration
o5 TG, DTG and DSC thermograms of the hardened neat OPC 95
paste after (a) 1 day (b) 7 days (c) 90 days of hydration
26 TG, DTG and DSC thermograms of the hardened OPC-NMK 9
paste of mix M4 after (a) 1d (b) 7 days (c) 90 days of hydration
07 TG, DTG and DSC thermograms of the hardened OPC-NMK 97
paste of mix M6 after (a) 1d (b) 7 days (c) 90 days of hydration
08 TG, DTG and DSC thermograms of the hardened OPC-NMK 08
paste of mix M8 after (a) 1d (b) 7 days (c) 90 days of hydration
Effect of firing temperature on the compressive strength of the
29 hardened OPC-NMK pastes pre-cured for 28 days of 101
hydration
TG, DTG and DSC thermograms of the thermally treated
30(a,b) | hardened neat OPC paste pre-cured for 28 days of hydration 104
at different temperatures (a) 100°C (b) 200°C
TG, DTG and DSC thermograms of the thermally treated
30(c,d) | hardened neat OPC paste pre-cured for 28 days of hydration 105
at different temperatures (c) 300°C (d) 600°C
TG, DTG and DSC thermograms of the thermally treated
31(a,b) | hardened OPC-NMK paste of mix M4 pre-cured for 28 days 106
of hydration at different temperatures (a) 100°C (b) 200°C
TG, DTG and DSC thermograms of the thermally treated
hardened OPC-NMK paste of mix M4 pre-cured for 28
31(c,d) . . o 107
days of hydration at different temperatures (¢)300°C
(d)600°C
32 Compressive strength values of the hardened OPC-NMK 110
mortars using sand/(OPC+NMK) weight ratio of 2.5:1.
33 Effect of firing temperature on the variations of compressive 113
strength of the hardened OPC-NMK mortars.
34 SEM micrographs of the hardened neat OPC mortar (mix S0) 116
after 28 days of hydration at room temperature.
35 SEM micrographs of the hardened neat OPC mortar (mix S0) 125

after 28 days of hydration at room temperature followed by




firing at 300°C.

36

SEM micrographs of the hardened neat OPC mortar (mix S0)
after 28 days of hydration at room temperature followed by
firing at 600°C.

126

37

SEM micrographs of the hardened OPC-NMK mortar of mix
S6 after 28 days of hydration at room temperature.

129

38

SEM micrographs of the hardened OPC-NMK mortar of mix
S6 after 28 days of hydration at room temperature followed by
firing at 300°C.

130

39

SEM micrographs of the hardened OPC-NMK mortar of mix
S6 after 28 days of hydration at room temperature followed by
firing at 600°C.

131




CHAPTER I
INTRODUCTION AND OBJECT OF INVESTIGATION

I.A. Introduction

In terms of volume used, cementitious materials, mainly in the form of
concrete, are the most successful materials in the world. Every year more than 1
m?® is produced per person worldwide. This success stems from the ease with
which a mixture of grey powder and water can be transformed into a highly
functional solid of readily manipulated shapes at room temperature.
Furthermore it is a low cost, low energy material made from the most widely
available elements on earth. Portland cement is the primary cementitious
material that is used in the most widely construction in the world. Each year, the
concrete industry produces approximately 12 billion ton of concrete and uses
about 1.6 billion ton of Portland cement worldwide. Indeed, with the
manufacture of one ton of cement approximately 0.8 ton of CO, are launched
into the atmosphere. However, despite having a lower environmental impact
than most alternative construction materials, the huge volumes of cement and
concrete produced mean that cement production accounts for some 5-8% of
manmade CO, emissions. Therefore there is increasing pressure to innovate to
improve sustainability.

The need to reduce the environmental impact of cementitious materials is,
and will continue to be, a major driver for innovation. The use of
supplementary materials is now so well established that the average clinker
content of cements in Europe is less than 80%.

Supplementary cementing materials have become an integral part of high
strength and high performance concrete mix design. These may be naturally
occurring materials, industrial wastes, or byproducts or the ones requiring less
energy to manufacture. Some of the commonly used supplementary cementing
materials are fly ash, silica fume (SF), granulated blast furnace slag (GGBS),
rice husk ash (RHA) and metakaolin (MK), etc. Metakaolin is obtained by the



calcination of kaolinite. It is being used very commonly as pozzolanic material
in mortar and concrete, and has exhibited considerable influence in enhancing
the mechanical and durability properties of mortar and concrete.

When mixed with calcium hydroxide and water, metakaolinite obtained
by fixed-bed calcination of a commercial kaolinite at 730°C, hydrates and
develops, at 28 days, compressive strengths (tests on minicylinders) of about
10-15 MPa. Hydration products are essentially C,ASHg and CSH with some
quantities of C;AHy3. The influence of several factors e.g. curing conditions,
metakaolinite/calcium hydroxide constitution and water/cement ratios, addition
of sand to the mix, which can modify the hardening, has been investigated by
Murat (1983). From these investigations, it appears that metakaolinite-calcium
hydroxide mixes react with water to form essentially hydrated gehlenite, CSH
and small quantities of C4AH3. Compressive strength after curing at 28 days at
20°C in air-tight plastic boxes are higher than for natural calcium hydroxide
activated pozzolana. Raising the W/S ratio or addition of sand to the mix
diminishes strengths, but, in the case of pure paste, an increase of strength at 28
days can be obtained by increasing the theoretical MK/CH ratio.

Compressive strengths of calcium hydroxide-activated metakaolinite
cements have been studied versus both calcination process of kaolinite (use of
fixed-bed and stirred-bed or rotary kiln- Laboratory reactors) and calcination
temperature Murat and Comel (1983). Whatever the curing time from 7 days
to 90 days, a maximum of strength is observed for calcination in the 700-850°C
temperature range, but metakaolinite obtained in rotary kiln (process which
realizes the dehydration of kaolinite in a shorter time, but can lead to a
phenomenon of particle aggregation on the furnace wall) is less disordered and
strengths of cements derived there from are some weaker than in the case of
cements made with metakaolinite from fixed-bed calcination.

Serry et al. (1984) prepared four mixtures of weight ratios 80:20, 70:30,
60:40 and 50:50 of china kaolin/pure Ca(OH),. Each mix was activated for 2


http://www.sciencedirect.com/science/article/pii/0040603184870975

hours at 800°C and then paste hydrated at room temperature and 100% RH for
up to 28 days. The hydration products were studied by XRD as well as DTA
and TG techniques. The chemically-combined water and Ca(OH), contents
were quantitatively determined from the TG curves. The results illustrated the
formation of gehlenite hydrate (C,ASHg) as the main hydration product; its
amount increases with the curing time. Hydrogarnet is also formed at the early
stages of hydration in the mixes of lower lime content (e.g., mix 80:20) and
increases on prolonged hydration; this is probably due to the lower pH of the
reaction medium. CSH gel could not be easily detected by XRD because of its
low degree of crystallinity. However, this phase was identified by DTA and
gives the characteristic losses on the TG curves. Ca(OH), is consumed
gradually as the hydration proceeds and disappears nearly completely after long
periods (28 days).

Five compositions with 10% to 50% metakaolin for cement substitution
were studied (Bredy et al., 1989). The rate of hydration was studied from the
compressive strength after up to 6 months of curing and from the hydrates
formed by DTA and XRD techniques. The metakaolin addition considerably
reduced portlandite content in the hydrated cement and contributed to the
formation of hydrated gehlenite which is not present in OPC paste. The
microstructure study (SEM) showed that pozzolanic cement pastes were less
crystallized than plain pastes. The porosity- measured by Mercury intrusion -
with blended cements was higher than that with OPC, except for 10 and 20%
metakaolin substitution. Evolution of the pore size distribution was studied
indicating that the pozzolanic pastes enhance small diameters.

Considering Metakaolin as a supplementary cementitious material with
pozzolanic properties; Ambroise et al. (1994) studied its activation by
triacalcium silicate (C3S), triacalcium aluminate (C;A) and ordinary Portland
cement. The early hydration period of pastes containing metakaolin was
investigated using isothermal calorimetry and conductivity. Differential thermal



analysis, X-ray diffraction, and Fourier transform infrared spectrometry were
used to follow the consumption of calcium hydroxide (CH) and identify the
products of reaction. Compressive strength and porosity were also determined.
The results showed that CH is quickly consumed, the microstructure is rich in
CSH and strétlingite (C,ASHg), and the pore size distribution is displaced
toward smaller values.

Kaolins with fairly well crystallized kaolinite as the main component
were calcined by Changling He et al. (1994) at respectively 550, 650, 800 and
950°C for 100 minutes. Both the raw and calcined samples, before and after
being mixed with either ordinary Portland cement or with Ca(OH), or after
extended immersion in the simulated cement paste pore solution saturated with
Ca(OH),, were studied by DTA (for raw kaolin), XRD, SEM and EMPA. The
compressive strength, chemical shrinkage and alkali and acid solubility of
samples were also investigated. The optimum calcination temperature from the
combined scientific and economic standpoint is 550°C, corresponding to the
culminating point of kaolinite dehydroxylation. Their study confirms that
calcination is an effective approach to enhance the pozzolanic activity of kaolin.
Most of kaolinite is destroyed and altered to an X-ray amorphous phase after
heating at 550°C for 100 minutes. The amount of XRD amorphous metakaolin
increases modestly during further calcination to 650°C and 800°C but starts to
fall by 950°C when mullite appears. This amount is effectively measured by the
background intensity of the XRD patterns. Results of chemical shrinkage for the
mixtures of metakaolin-OPC or metakaolin- CH showed that the kaolins treated
at 550°C and 650°C have the fastest reaction rate, slightly higher than the
reference fly ash. They are followed by kaolin calcined at 800°C. The faster
reaction rates are in agreement with the higher specific surface of 550-650°C
metakaolin.

Zhang and Malhotra (1995) presented the results of the physical and

chemical properties of a thermally activated alumino-silicate material
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(metakaolin), and the properties of fresh and hardened concrete incorporating
this material that indicates that metakaolin (MK) material is highly pozzolanic
and can be used as a supplementary cementing material to produce high-
performance concrete. Although it requires a higher dosage of the
superplasticizer and air-entraining admixture compared with that of the control
concrete, the MK concrete can be produced with satisfactory slump, air content,
and setting time. The concrete incorporating 10% MK had higher strength at all
ages up to 180 days compared with the control concrete; in comparison with the
silica fume concrete the MK concrete showed a faster strength development at
early ages, but had lower strength after 28 days. At 28 days, the MK concrete
had somewhat higher splitting-tensile and flexural strengths, Young's modulus
of elasticity, and lower drying shrinkage compared with that of the control and
the silica fume concretes. The resistance of the MK concrete to the chloride-ion
penetration was significantly higher than that of the control concrete, but similar
to that of the silica fume concrete. The MK concrete showed excellent
performance in the freezing and thawing test. The performance of the MK
concrete subjected to the de-icing salt scaling test was similar to that of the
silica fume concrete, but marginally inferior to the control concrete.
Flash-calcination enables the dehydroxylation of powdered kaolinite clay
within several tenths of a second, when traditional soak-calcinations require
minutes at least has been presented by Salvador (1995). Two different lime
reactivity tests were thus necessary to assess the pozzolanic properties of
products: the compressive strengths of minicylinders of (metakaolin — lime —
water) after solidification, and the Chapelle test. Flash-calcined thin kaolin
present high water absorption capacities, and thus require more water to gauge
pastes or mortars. This makes comparison of mechanical strengths with soak-
calcined products difficult, which makes it desirable to confirm them by
Chapelle tests. By measuring compressive strengths of minicylinders verified,
after a flash-calcination, the quality of the pozzolana increases with a value.



