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Abstract:

Object:

Geopolymers mixes were fabricated from Metakaolin (MK) and Blast Furnace Slag (BFS) waste material in the presence of sodium
hydroxide and sodium silicate which were used as alkali activators. To optimize the suitable amount of slag, eleven batches were
designed, mixed and homogenized for 30 min.

Method:

To determine the suitable amount of liquid required for pasting, normal consistency and setting time were determined. The physico-
mechanical properties at different curing ages i.e. 3, 7, 28 and 90 days, were determined. X-ray diffraction and scanning electron
microscope were used to investigate phase composition and microstructure.

Result:

To guarantee forming geopolymer gel and to check its amount, HCl extraction test was performed. Salicylic acid/methanol extraction
was also performed to verify the presence and amount of Calcium Silicate Hydrate (CSH). The results revealed that calcium-rich slag
(BFS) accelerated the hardening process and decreased the alkaline liquid consistency. For geopolymer without BFS, two phases,
namely; un-reacted metakaolin and geopolymer gel were formed. For geopolymers with BFS, three phases were formed, namely; un-
reacted  metakaolin,  geopolymer  gel  and  CSH  with  aluminum  substitution  (CASH)  gel.  The  bulk  density  was  increased  with
increasing BFS and curing time. The strength was increased with increasing of BFS, reaching its maximum (about 120 MPa) for the
specimen containing 70% slag, cured for 28 days.

Keywords: Geopolymer, Metakaolin, Slag, Properties, Calcium Silicate Hydrate (CSH), X-ray.

1. INTRODUCTION

Recently, new type of un-fired ceramic materials has received attention. This material often refers to geopolymer or
inorganic  polymer.  At  the  end  of  1970s,  geopolymer  has  been  identified  and  used  by  J.  Davidovits.  Recently,
geopolmer known as alkali activated aluminosilicate binders with the general formula M2O.mAl2O3.nSiO2, where m ≈ 1
and  2  ≤  n  ≤  6  (M  usually  is  Na  or  K)  [1].  It  forms  by  the  reaction  of  an  aluminosilicate  material  with  highly
concentrated alkaline solution [2]. The presence of higher amounts of Al and Si causes re-condensation of soluble ions
which consequently assemble into inorganic polymer and create amorphous network with high mechanical strength
compared with other binding materials. In this polymerization process, water doesn’t consume for hydration; it has an
active  role  as  a  dissolution  medium.  The  alkali  ions  in  the  medium  are  connected  in  geoplymer  network  through
balancing with Al and Si [3].
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Generally, geopolymer can be prepared at ambient or elevated temperature using alumino-silicates. There are many
sources of geoplymer starting materials to be used mixed or as individuals; such as waste materials, kaolin, pozolanic
materials, melt quenched aluminum silicates and volcanic scoria [4 - 8]. It has several important applications as binding
materials,  advanced  ceramics,  fire  retardant  materials,  high  technological  materials,  and  stabilizer  for  hazardous
materials [9].

Geopolymerization  proceeds  through  dissolution,  polymerization,  reorganization  and  hardening  [10].  In  highly
concentrated alkaline aqueous solution, aluminum silicates are quickly dissolved to form free SiO4 and AlO4 tetrahedral
units freely distributed in the medium. During progressing of reaction, H2O comes apart and the formed tetrahedral units
are connected alternatively by sharing all oxygen atoms to give three kinds of geopolymers; (a) poly-sialate [-SiO4-
AlO4-] (PS type), (b) poly-sialate-siloxo [-SiO4-AlO4-SiO4-] (PSS type), or (c) polysialate- disiloxo [-SiO4-AlO4-SiO4-
SiO4-] (PSDS type). This means that Si:Al ratios in the three types are Si:Al=1 for sialate (-Si-O-Al-O-), Si:Al=2 for
sialate siloxo (-Si-O-Si-Al-O), Si:Al=3 for sialate-disiloxo (-Si-O-Al-O-Si-O-Si-) and Si:Al>3 when it is poly (sialate-
multisiloxo)  [11].  After  hardening,  the  materials  have  excellent  compressive  strength,  compactness,  durability  and
anticorrosion [12]. There are many natural or waste sources such as fly ash and blast furnace slag that contain calcium
ions and can be used in geoploymer fabrication. Calcium can play important role in geopolymer; it can make the system
to undergo two separate and competing reactions. The first one is the formation of geopolymer while the second is the
formation of calcium silicate hydrate or calcium aluminum silicate hydrate (CASH). This means that the presence of
calcium raises the strength of geopolymer cured at ambient condition, while it decreases the strength of geopolymer
treated  at  elevated  temperature.  This  is  due  to  that  the  presence  of  calcium  hinders  the  formation  of  3D  network
structure in geopolymer gel [13, 14]. However, previous study reported the presence of both calcium silicate hydrate
and geopolymer gel in the matrix have valuable effects on the mechanical properties since it acts as micro-aggregates in
geopolymer gel and forms a denser and more uniform binder [15].

In comparison with normal cement, geopolymer has lower energy consumption and CO2 emission, good physico-
mechanical properties as strength, shrinkage, permeability, durability, and has good resistance for fire and acids [16,
17].

Blast  furnace  slag  is  a  by-product  material  produced from iron blast  furnace  after  quenching in  water  or  air.  It
composed  mainly  from  CaO-SiO2-MgO-Al2O3  oxides  and  can  form  the  mixture  of  following  phases:  gehlenite
(2CaO.Al2O3.SiO2) and akermanite (2CaO.MgO.2SiO2), and de-polymerized calcium aluminum silicate glass. Previous
study by Yip et al. reported the influence of slag addition on metakaolin geopolymer [18].

The purpose of this article is to study the influence of BFS addition (up to 100%) on geopolymerization reaction of
metakaolin-based  geopolymer  at  room temperature.  The  optimum amount  of  slag  to  give  improved  properties  was
identified.  The  produced  geopolymers  were  investigated  for  their  physico-mechanical  properties,  salicylic
acid/methanol  (SAM)  extraction,  hydrochloric  acid  (HCl)  extraction,  X-ray  diffraction,  FTIR  and  SEM.

2. EXPERIMENTAL METHODS

2.1. Starting Materials

Kaolin was supplied from general company for ceramic & porcelain products (Sheeni), Egypt. Metakaolin (MK)
was prepared by calcination of kaolin at 850oC for 3 hours in a furnace with heating rate of 5oC/min then milled in
planetary ball mill for 30 min to produce MK powder having Blaine specific surface area of 2,120 m2/kg and specific
gravity of 2500 kg/m3.  BFS used in this study, is  water cooled slag supplied from Iron and Steel  Factory,  Helwan,
Egypt. The slag was firstly ground in laboratory ball mill for 3 hours to obtain Blaine specific surface area of 610m2/kg
with specific gravity of 3000 kg/m3. The chemical composition of MK and BFS was determined by X-ray fluorescence.
The particle size distribution of MK and BFS was determined through laser granulometry. The mineral phases were
identified by XRD using Philips D-Expert, Netherlands, diffractometer with Ni filter, Cu Ka radiation at scan speed of
0.5° min-1. FTIR was conducted for starting materials using JASCO FT/IR-6100. The spectrum was recorded between
400 and 4000 cm−1 with resolution of 4 cm−1 at 25°C.

NaOH pellet (98% purity) was supplied from Sigma. 10 molar NaOH solution was prepared and kept to cool down
at room temperature before preparing of the pastes. Sodium silicate solution was purchased from Fisher scientific, UK.,
with chemical composition of 30.1% SiO2, 9.4% Na2O and 60.5% H2O (silicate modulus, SiO2/Na2O = 3.2), specific
gravity at 20oC=1.5g/ml. Alkali activator solution was prepared by mixing sodium silicate solution and NaOH (10M)
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solution  by  1:1  ratio,  and  left  until  clear  solution  obtained.  This  solution  was  prepared  for  minimum  24  h  before
preparation of pastes to allow its equilibration [19, 20].

2.2. Geopolymer Preparation

Several batches composed of metakaolin MK and BFS were designed, mixed and homogenized for 30 min by ball
mill as illustrated in (Table 1).

Table 1. Designed geopolymer mixes.

Mixes G G1 G2 G3 G4 G5 G6 G7 G8 G9 G10

MK 100 90 80 70 60 50 40 30 20 10 0
GGBFS 0 10 20 30 40 50 60 70 80 90 100
Total, % 100 100 100 100 100 100 100 100 100 100 100

To  determine  the  suitable  amount  of  liquids  needed  for  mixing,  normal  consistency  and  setting  time  were
determined using Humboldt Vicat′s apparatus [21, 22]. Here, alkaline solution was used instead of water. To prepare
geopolymer pastes, the required alkali activator solution of predetermined normal consistency [ASTM: C 187 - 1998]
was added to  the  mixes  depending on the  proportions  of  mixes  ingredients.  To ensure  good adherence among mix
ingredients, the mixing operation was then completed by continuous vigorous mixing for about ten minutes by hand.
The fresh mixes pastes were poured in plastic cubical moulds with 25×25mm dimensions then vibrated on vibrating
table for period of 1-2 minutes to remove any air bubbles to give better compacted paste. The surface of paste was
smoothed by the aid of thin edged trowel. Then the mould covered by plastic thin film to prevent excessive moisture
loss and kept within humidity chamber at 100% relative humidity at constant temperature of 23 ±2°C for the first 24
hours. The prepared cubes were de-molded and left at ambient temperature. All samples were cured at atmospheric
pressure  and no attempt  was  made to  control  the  humidity  during curing under  ambient  laboratory  conditions  (dry
cured).

2.3. Geopolymer Characterization

Physico-mechanical properties at different curing ages i.e. 3, 7, 28 and 90 days were determined. Three samples of
each  mix  were  randomly  selected  to  determine  bulk  density,  apparent  porosity,  water  absorption  and  compressive
strength according to [ASTM C 20=2000] and [ASTM: C109]. Bulk density, apparent porosity and water absorption
were  determined by water  displacement  method according to  Archimedes  principle.  The compressive  strength  was
carried out using automatic hydraulic testing machine type SHIMADZU of maximum capacity 1000 KN by rate of
0.025 KN/mm2/s. To ensure forming geopolymer gel and to monitor the amount of formed geopolymer gel through
alkaline activation,  hydrochloric (HCl) acid extraction test  was performed [23,  24].  Salicylic acid/methanol (SAM)
extraction was also performed to verify the presence and amount of CSH. The extraction process leaves only the un-
reacted precursors. When these methods are performed, it is possible to determine how much geopolymer, CSH and
unreacted material are present. XRD, FTIR and scanning electron microscopy (SEM-JEOL Ltd., Japan) attached with
EDX  unit  were  used  to  investigate  phase  and  structure  composition  as  well  as  microstructure  of  the  obtained
geopolymers.

3. RESULTS AND DISCUSSION

3.1. Starting Material Characteristics

The chemical analysis of MK and BFS analyzed by x-ray fluorescence is illustrated in Table 2. It is indicated that
the main components of MK are silica and alumina. The basicity coefficient (Kb= CaO+MgO/SiO2+Al2O3) and the
quality coefficient (CaO+MgO+Al2O3/SiO2+TiO2) calculated for BFS are 1.48 and 2.13, respectively. The particles size
range of MK and BFS are d50 ≈ 400 and ≈ 800 nm, respectively as shown in (Fig. 1).

Table 2. Chemical composition of starting materials.

Main Oxides SiO2 Al2O3 Fe2O3 CaO Na2O K2O TiO2 MnO MgO SO3 BaO L.O.I
MK 46.68 35.75 1.49 0.10 0.05 2.96 0.07 0.01 0.19 0.03 0.02 12.18

GBFS 26.15 7.43 1.31 44.38 0.75 0.53 0.68 5.25 5.52 2.90 4.72 ---
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XRD analyses of kaolin, MK and BFS are shown in Fig. (2). It indicated that the kaolin exhibits typical diffraction
pattern of well crystallized layer lattice of kaolinite with muscovite impurities (illite mineral). Transformation of kaolin
to  metakaolin  is  detected  after  calcination  at  850°C.  The  calcination  leads  to  break  down  of  the  crystal  structure,
producing amorphous or  semi crystalline phases (silica  and alumina in  reactive form).  The characteristic  peaks for
kaolinite  at  2θ=12.34,  20.34,  24.87  and  26.40  are  disappeared,  while  another  weak  peaks  assigned  to  quartz  at  2θ
=20.83 and 26.64); Illite at 2θ = 9.11 and 15.91 remained in metakaolin pattern [25]. XRD of BFS shows halo hump
between 2θ= 20-40, indicating the amorphous nature of material with some semi crystalline phases such as merwinite
and melilite. Merwinite has the composition 2CaO.Al2O3.SiO2; while melilite is solid solution series between gehlenite
(2CaO.Al2O3.SiO2)  and  akermanite  (2CaO.MgO.3SiO2).  The  unusual  crystallinity  of  slag  comes  always  from  its
quenching during production. For the supplied slag in the present study, it was not rapidly quenched in water or air, but
during its transportation, it was gradually cooled at ambient temperature and then quenched in water [26].

Fig. (1). Particle size distribution of Metakaolin (a) and BFS (b).

Fig. (2). XRD patterns of starting materials.
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IR spectra of kaolin, MK and BFS are shown in Fig. (3). A characteristic spectrum of kaolin bands at 3695 and 3620
cm–1  are appeared which ascribed to the vibration of external hydroxyl and inner hydroxyl, respectively. The bands
indicated at 3455 and 1630 cm-1 could be assigned to OH vibrational mode of hydroxyl molecule in water, which is
observed in almost all natural hydrous silicates. The band at 1033 cm-1 is for the main functional Si-O group. Muscovite
and possibly quartz interference could be observed at 1031-1038 cm-1 for kaolin. Al-OH peak is identified at 912 cm-1.
The doublet at 754-789 cm-1 is due to Si-O-Si inter tetrahedral bridging bonds in SiO2 and OH deformation band. The
spectra of kaolin exhibit Si-O stretching vibrations at 754, 697 and 467cm–1 which are indicative of the presence of
quartz [27]. The spectrum of MK exhibits main broad band at 1065 cm-1 which ascribed to disorder induced by de-
hydroxylation process of kaolin and formation of amorphous structures. Reduction in bands observed at 3433 and 1628
cm-1,  was  assigned  to  the  OH vibrational  mode  of  hydroxyl  molecule  in  water.  The  vibration  mode  at  807  cm-1  is
associated with Al-O bonds of tetrahedral Al, while Si– O bending vibration at about 472 cm-1 is also detected [28].

Fig. (3). FTIR of starting materials.
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paste suitable for shaping [31, 32]. The results of normal consistency and setting time are given in Fig. (4). The main
factors affecting geopolymer setting time are chemical and phase compositions of raw materials, properties of alkaline
activators, solid loading, fineness of solids and curing temperature [33 - 35]. The addtion of calcium-rich BFS to MK
based geopolymers causes improvement  and shorting in setting time of  geopolymer by forming calcium aluminum
silicate hydrate (CASH) gel in addition to the sodium aluminum silicate hydrate (NASH) gel (geopolymer gel) [36, 37]
with compact microstructure [38]. BFS accelerates the hardening process and decreases the alkaline liquid consistency.
This is related to the formation of higher yield stress in gel structure and thus is markedly influenced by increasing the
rate of crosslinking [39].

Fig. (4). Normal consistency and setting times of prepared mixes.
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absorption which depends on the microstructure and porosity of the specimens is decreased with increasing curing time.
Water absorption is considered as an  indicator for  the  degree  of  geopolymeric  reaction. The  compressive  strength
Fig. (5d) increases with increasing slag content and curing time reaching its maximum value with batch G7 (118MPa
after 28 day) after which its value decreases. The results of compressive strength after 28 days curing are relatively
similar to that after 90 days curing. The strength variation implies that there are changes in gel content and reaction
nature between the mixes which takes place leading to microstructural changes induced in geopolymers when BFS is
substituted for metakaolin. With increasing the dosage of BFS to 80% (G8), deterioration in compressive strength is
obtained. The compressive strengths of the geopolymer with 60 and 70wt.-% BFS are 93 and 118 MPa, respectively,
while  those  with  80wt,-%,  and  90  wt%  are  77  and  58  MPa,  respectively.  The  compressive  strength  of  MK-based
geopolymer  is  43  MPa  which  is  less  than  half  that  of  G7;  by  other  word,  G7  exhibits  approximately  a  tripling  in
compressive strength as compared with MK-based sample (G0). This is attributed to the reaction of Ca supplied by BFS
with some excess to silicates present to form additional strength-giving gel i.e. Ca ion plays the key role in geopolymer
skeleton. In fact, the high CaO content effects in quicker geopolymerization and development of semi-crystalline Ca-
Al-Si hydrate gel produced from reaction between calcium silicate hydrate (CSH) and aluminosilicate group strengthen
the network [42, 43].

Fig. (5). Physico-mechanical properties of geopolymers.
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Before testing the compressive strength, the samples were inspected visually for any potential crack. They were
fairly good and no crack was observed visually for the samples G0 until G7. As seen in Fig. (6), the samples contain
more than 70% BFS exhibit cracks which reflected negatively on physical and mechanical properties of specimens. This
is supposed to be due to the volume changes that could happen when forming an amorphous to semi-crystalline CSH
gel inside an incompletely hardened geopolymer gel.

Fig. (6). Images of metakaolin-slag geopolymer specimens after curing in air.

Fig. (7). HCl & SAM extractions of geopolymers.
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CSH phases in matrix increases as the BFS increases which indicates the formation of new CSH phases in associated
with geopolymer products as a result of the presence of CaO. The amount of CSH type phases in G10 matrix is 16%
which may be due to alkali activation process for BFS only. SAM extraction results are correlated well with the result
of XRD which shows low intensity for CSH phases formed in geopolymer samples G3-G7.

3.3.2. XRD of Geopolymers

XRD patterns of G, G3, G5, G7 and G10 geopolymers aged for 28 days are shown in Fig. (8). It worthy to mention
that most of geopolymer binders produced in this study contain a very high percentage of amorphous or few semi-
crystalline phases. The major phase of geopolymer samples (G-G7) is amorphous as indicated by the broad hump at
2θ=20-40. The amorphous phase (Na-ASH) is obtained from dissolution of kaolinite particle in alkaline activator and
then reconstruction of  AlO4  and SiO4  species as  gel  structure [45,  46].  Some quartz and illite  remain as crystalline
phases in the geopolymers G, G3 and G5 [47].

Fig. (8). XRD patterns of G, G3, G5, G7 and G10 geopolymers cured for 28 days.
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hydrate (CSH) phases are the main binding phase in BFS alkali-activated materials having low C/S ratio with varying
degrees of crystallinity [51]. The presence of CSH and geopolymer gels has been reported previously in various systems
containing Ca(OH)2 or slag as calcium sources [52, 53]. Several new crystalline phases including CASH, NCASH and
Ca(OH)  are  formed  due  to  slag  alkali-activated  reactions.  The  peaks  of  quartz  and  illite  are  almost  disappeared
indicating  a  high  degree  of  geopolymerisation.  In  G5,  a  reduced  intensity  of  the  amorphous  hump  (2θ  =  25-  35),
associated with the formation of thomsonite CASH type gels is observed. The formation of CASH in the matrix forms a
basic skeleton of percolating solids which determine the time for the onset of hardening. This quick hardening is not
only attributed to CASH formation at an early age but is also due to the higher rate of geopolymerization. Yip et al.
reported that the presence of calcium leads to precipitate CASH which acts as nucleation sites, and promotes the quick
formation of geopolymer gel [54]. Yip's hypothesis also reported that the formation of Ca(OH)2 could potentially work
as a nucleation site for geopolymer formation [55, 56]. The formation of CASH also consumes water and consequently
increases the alkalinity of system and further encourages the dissolution of MK particles [57]. This process raises the
rate of poly condensation and aluminum silicate geopolymer formation. In G7, XRD pattern indicates the formation of
Garronite (NCASH) and Ca(OH)2 phases with geopolymer. Garronite (NCASH) has also previously been detected in
alkali-activated  slag/metakaolin  geopolymers  produced  from  strong  activator  concentration  [58,  59].  Garronite  is
consequently  formed  due  to  the  transformation  of  gismondine;  a  highly  calcium-rich  member  of  zeolite  family,  to
garronite via sodium-calcium ion exchange process in high concentrated alkaline medium [59, 60]. It is also probable
that  Ca(OH)2  being precipitated from the high alkalinity medium once the presence of  soluble Ca ions at  the early
dissolution step [61]. In G10, XRD show that the main phases are CSH and Ca(OH)2 with low intensity. Once the Ca
ions are dissolved from the starting materials (slag), they prefer to react with silicon ions to yield CSH which are rich in
alkalis [62, 63]. The formation of CSH is favored rather than Ca(OH)2 due to its lower solubility [64].

3.3.3. FTIR of Geopolymers

FTIR spectra of G, G3, G5, G7 and G10 geopolymers cured for 28 days are shown in Fig. (9). Significant broad bands
of  OH stretching  and  bending  are  observed  in  the  range  of  3430-3450  and  1650  cm−1.  These  are  corresponding  to
adsorbed or cached water molecules in the large voids of polymeric skeleton allied with the reaction products [65, 66].
In  FTIR  spectra  of  G3,  G5,  G7  and  G10,  the  bands  located  between  1420  and  1450  cm−1  are  assigned  to  stretching
vibrations of O–C–O bond indicating the existence of carbonate which is occurred due to atmospheric carbonation [67].
The presence of higher sodium carbonate content might interrupt the polymerization progression. Increasing contents of
BFS  also  leads  to  the  growth  of  the  carbonate  band  at  1420  cm-1.  The  major  band  between  958  and  1023  cm-1  is
atributed to asymmetric stretching vibration of Si–O–T bands, where T is tetrahedral silicon or aluminum. The band at
about 1065 cm-1 Fig. (3) FTIR of metakaolin) corresponding to the Si–O asymmetric stretching in tetrahedral, is shifted
to lower wave numbers (about 995-1023 cm-1 for G7-G) after polymerization reaction as presented in Fig. (9). The shift
indicates  formation  of  new  highly  cross  linked  geopolymer  gel  frameworks.  The  great  shift  towards  lower  wave
numbers might be due to the partial substitution of SiO4 tetrahedral by AlO4 tetrahedral, tend to change in the local
chemical surroundings of Si–O bond and newly formed aluminosilicate type gels. The strong shoulder peak for pure
MK (seen in Fig. (3) located at 807 cm-1 that corresponds to Al-O and Si-O bending, moved to a higher frequency at
870 cm-1 after geopolymerization. This is an evidence for the presence of the larger amount of tetrahedral coordinated
AlO4,  formed  by  dissolution  of  MK  [68,  69].  In  G-G5,  the  band  at  715  cm-1  is  attributed  to  symmetric  stretching
vibrations of Si–O–Si(Al) bridges, while the bands at 553 and 470 cm-1  are ascribed to the symmetric stretching of
Al–O–Si and to the bending of Si–O–Si and O–Si–O bonds [70], respectively. This shift to lower wavenumber points
out the high level of replacement of Al instead of Si in tetrahedral. In previous works [71, 72], it is indicated that the
formation of MK geoplymer in the presence of calcium supports the simultaneous development of cementitious gels
C(A)SH and NASH type gels and decreasing the formation of geopolymeric gel  [73,  74].  In these systems, Ca2+  is
supposed to be coupled with the Si-O-Al framework of geopolymeric gel, participating in balancing of negative charge
allied with tetrahedral Al (III) and replacing the alkali cations [75, 76]. This is consistent with the move of symmetric
stretching vibrations of Si-O-(Si, Al) bridges to higher wavenumber (from 644 to 715 cm-1) with the increase of BFS,
which implies the amendment of aluminosilicate structure compared with MK based geopolymers as a sequence of
cation replacement in the non-framework sites [77]. This result confirms well with the result of XRD (Fig. 8).
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Fig. (9). FTIR spectrum of G, G3, G5, G7 and G10 geopolymers cured for 28 days.

3.3.4. SEM of Geopolymers

SEM was used to analyze the morphology of starting material (MK) and microstructure of G and G7 geopolymers
curried  at  28  days.  SEM micrographs  of  MK indicate  that  the  platelet  hexagonal  structure  of  kaolinite  crystals  are
relatively disappeared and transferred to relatively amorphous structure with agglomeration due to calcination process
at 850°C as shown in Fig. (10). The detected crystals are related to quartz and illite. Some of the particles are within the
range of nano size.

Fig. (10). SEM images of starting materials.
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Figs. (11 and 12) show SEM micrographs with EDAX analyses of G and G7, respectively. Remarkable differences
in  microstructure  are  observed  for  both  samples.  Go  exhibits  gel-like  microstructure  produced  from  geopolymer
formation, with some flake-like layer structures similar to that of metakaolinte particulates. It is well known that the
solid liquid reaction recognized a gel system with lower water amount, so it is logical to assume that the raw materials
can keep their shape during the geopolymerization and molding processes. This is supported by SEM images shown in
Fig. (11), which affords extra confirmation to the supposition that geopolymeric reaction is mainly occurred on the
surface  layer  of  the  solid  particulates  [78,  79].  This  interesting  result  suggests  that  the  structure  of  geopolymer
maintained partially the sheet of metakaolin after reaction. This crystalline phase can also arise from impurities in raw
materials or the process of recrystallization. EDAX analysis of G indicates the presence of Al, Si and O as the main
component of the formed geopolymer.

Fig. (11). SEM images and EDAX analysis of G0 geopolymer.
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Fig. (12). SEM images and EDAX analysis of G7 geopolymer.

Fig. (12) shows SEM images and EDAX analysis of G7 geopolymer. Two individual phases are formed as a result of
alkali activation of metakaolin in the presence of BFS i.e. geopolymeric gel, (C-A-S-H) gel and some remaining un-
reacted precursor. Metakaolin particle morphology doesn’t vary obviously, but it is linked by a gel-like network. The
occurrence of slag promotes connected gel-like structure geopolymer formation. This different feature of microstructure
explains the higher hardening rate of G7 as compared with G. At the early stage of reaction, as the calcium dissolves,
CASH  is  formed  in  the  microstructure.  This  phase  can  act  as  nucleation  spot  for  geopolymerization,  rising  an
intermixed microstructure of CASH and NASH at an early age [80, 81]. The Ca/Si ratio of the CASH formed gel (ca.
0.49) is lower than that Portland cement (1.2 to 2.3). EDAX analysis of this sample indicates the presence of Al, Si, Ca,
Na, Mg and O as the component of the predicted phases. Quantitative analysis of G0 and G7 are presented in Table
[82].

In sample G7, the ratio of Na/Al is 1.21, and Si/Al ratio is 2.21. Thus, the main geopolymeric gel is inferred to be
(Na)-poly(sialate-siloxo-), i.e. Nan-(-Si-O-Al-O-Si-O-)n-, PSS type. On the other hand, the Na/Al ratio in G system is
slightly <1, which points out that only Na+ as cation is not enough, so a partial calcium participant in geopolymerization
is needed to obtain charge balance [83].
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CONCLUSION

The following remarks are concluded:

The addition of calcium-rich BFS into MK based geopolymers causes properties improvement and shorting in
setting time by forming C-A-S-H gel in addition to N-A-S-H gel. Calcium-rich BFS accelerates the hardening
process and decreases the alkaline liquid consistency.
With  increasing  BFS  content,  the  bulk  density  increases  from  1.67-  2.33g/cm3.  Moreover,  the  bulk  density
increases with increasing curing time. This is due to the occurring of different chemical reactions which lead to
different products and improvement of compressive strength.
The  prepared  geopolymers  contain  two  or  three  phases  depending  on  whether  BFS  is  added  or  not.  For
geopolymer with no BFS (G0), it contains two phases, namely; un-reacted metakaolin and geopolymer gel. For
geopolymers with CaO sourced from BFS (G1-G10), three phases are formed, namely; un-reacted metakaolin,
geopolymer gel and CASH gel.
The optimum properties were achieved with mix containing 70% slag, after which the deterioration in properties
was recorded.
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