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Abstract

In this paper; Ground Granulated Blast Furnace Slag (GGBFS) used to produce geopolymer cement (GPC) at ambient temperature and 100% relative humidity, the
influence of replacing slag by 10, 20 and 30% of brick wastes (Homra) as well as the effect of sodium silicate to sodium hydroxide ratio (SS:SH), 2, 1 and 0.5 by
weight in the alkaline activator solution on the properties of the produced geopolymer have been investigated. This was done through measurement of compressive
strength values, setting times, water absorption as well as performing FTIR spectra, XRD patterns and microstructure development is investigated using SEM
imaging. It is concluded that from the results, the optimum percentage replacement of GGBFS with Homra is 10%. Besides, the optimum SS:SH ratio is 1 by weight.
Initial and final setting times increase with decreasing the SS:SH ratio for all tested pastes. Replacing GGBFS with different amount of Homra causes a notable
increase in both initial and final setting times for GPC specimens made by SS/SH ratio of 2. Water absorption of the formed geopolymers decreased with increasing
SS:SH ratio from 0.5 to 1 then showed a slight increase with a further increase to 2. Also this paper presents an experimental study resistance of GPC to sulfate
attacks where partial replacement of GGBFS by 10% homra give high strength value than 100% GGBFS as a result of immersion in sulfate solution.
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1. Introduction

Cement is considered as the most commonly used binder in the
construction industry. The production of Portland cement is
consumed high amount of energy and produce high green house
gas [1], where production one ton of Portland cement generate
almost one ton of CO: [2]. The contribution of Portland cement
production to emission greenhouse gas is about 6% of the total
greenhouse gas produced in the world [3].

Geopolymers are great interest as binders with low emission of
COif comparison with OPC. Geopolymers are a very promising
kind of material since they have been shown to offer an
environmentally friendly [4-6], where manufacture of
geopolymer produces five times CO: less than does the
manufacture of Portland cement, so it has been proposed to be
an alternative to Portland cement concrete (PCC). Actually,
geopolymers are kinds of inorganic polymers, it is a class of
three-dimensionally networked alumino-silicate materials,
similar to zeolite and first developed by Joseph Davidovits in
1978 [7,8]. Fly ash based geopolymer was the first introduced by
Davidovits in 1979 to reduce the use of OPC in concrete [9].
Many authors made comparison between zeolite chemistry and
geopolymer chemistry due to the similarities between them [10-
13]. The mechanism involves the dissolution of Al and Si in the
alkali medium, transportation (orientation) of dissolved species
and polycondensation, forming 3D network of silico-aluminate
structures [14]. The research in geopolymer includes thermal
behaviour [15], durability in sodium and magnesium sulfate
solutions [16], and resistance to acid attack [17] of geopolymeric
materials. The use of GGBFS as cement replacement material in
geopolymer concrete reduces the emission of CO.. [18,19]
showed that alkali-activated slag concrete had lower resistance
to alkali-aggregate and carbonation than that of OPC concrete.

[20, 21] made combination of raw waste materials like fly ash
and slag with low concentration alkaline activators (e.g.
potassium hydroxide + potassium silicate); as well as curing at
room temperature. The parameters affected on the hardening
rate of fly ash geopolymer and change the setting time from
minutes to days are the type, dosage, concentration of alkali
metal activator (Na or K), temperature of curing [22-26]. The
percentage of different reaction products depends on various
factors as alkalinity, temperature, calcium sources, rate of
dissolution of ions from aluminosilicate and ratio of
aluminosilicate to calcium sources [27-30]. [31-35] indicated the
effects of calcium ion on early age (loss of workability) as well as
later age properties (high strength) of metakaolin or fly ash
based geopolymer. [27,36] reported the metakaolin and slag
blends towards the coexistence of geopolymeric gel and calcium
silicate hydrate. Several papers measured the setting times of fly
ash, metakaolin or slag-based geopolymers using a Vicat
penetrating needle (ASTM C191) [23, 25, 35, 37-40]. Shi et al [41]
showed that alkali-activated slag concrete had higher strength
development and better durability than that of Portland cement
concrete. In some cases, it has been shown that one day strength
and three days strength is 68 MPa and 96 MPa respectively [42-
44].

In this paper ground granulated blast furnace slag and clay -
bricks (Homra) wastes were used as industrial raw materials to
produce geopolymeric green cement using (sodium silicate (SS)
and sodium hydroxide (SH)) as alkaline activator with different
LSS:LSH mass ratio at ambient temperature and 100% relative
humidity conditions and also measuring of durability gainst
magnesium sulfate solution and thermal resistance of
geopolymer cement pastes.
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2. Experimental

2.1. Materials

The raw materials used in this investigation are Ground
Granulated Blast Furnace Slag (GGBFES), which is a by-product of
iron production provided from Iron and Steel Company, Helwan
governorate of Blain surface area 2275 cm?/g and Crushed clay
bricks (Homra) of Blaine surface area 5053 cm?/g. The chemical
oxide composition for (GGBFS) and Homra are given in Table 1.

Table 1:Chemical oxide compositions of raw materials.

H1.3 90 10 1 2 0.5
H2.1 80 20 2 1 2
H2.2 80 20 1 1 1
H2.3 80 20 1 2 0.5
H3.1 70 30 2 1 2
H3.2 70 30 1 1 1
H3.3 70 30 1 2 0.5

Materials Oxides (mass,%)

SiO | Al Fe:2 Ca |Mg |SO | K2 | Naz | LO
2 Os Os O O 3 O (@) I

GGB | 376 | 109 | 0.6 35. | 826 | 1.7 |09 | 1.28 |29

FS 7 1 7 8
Homr | 673 | 132 | 686 |27 | 1.67 |10 |09 |121 |49
a 7 8 2 8 1

Alkaline Activated Solution (AAS) used in this investigation
is a mixture of Sodium Silicate (Na25i03.9H20, 6M) and Sodium
Hydroxide (NaOH, 10M). Distilled water is used to prepare the
alkaline activator solution. The required weight ratio of sodium
silicate and sodium hydroxide solutions are mixed before adding
to the dry raw materials.

Magnesium sulfate (MgSOs) is used as source of sulfate in
durability test. All chemicals were Alfa aromatic Company.

2.2 Sample preparation

The dry mixes with the required composition (as mentioned in
Table 2) were prepared by mixing the solid raw materials in ball
mill for 6 hours to occurred complete homogeneity.

Table 2:The percentage compositions of the different
geopolymer mixes and their designations.

Mixes GGBFS Homra LSS, % LSH, % (LSS /
LSH, %)
(Naz=SiOs /
NaOH

B1.1 100 - 2 1 2

B1.2 100 - 1 1 1

B1.3 100 - 1 2 0.5

Hi1.1 90 10 2 1 2

H1.2 90 10 1 1 1

Geopolymer cement pastes (GCP) were prepared by mixing the
dry sample with the calculated amount of alkaline activator (6M
Na2SiOs and 10M NaOH). The mass ratio of solid raw materials
to alkaline activator solution used (S: A) is 2:1, while the ratios of
NazSiOs (LSS) to NaOH (LSH) to form alkaline activator are (2, 1
and 0.5%).

The resulted pastes were molded into cubic specimens by
using cubic moulds have one-inch dimension. The moulds were
compacted via vibration; the leveling and smoothness of the top
surface of the pastes were done by thin edged towels. Then the
pastes were removed from their moulds and cured at ambient
temperature at about 100% relative humidity for 3, 7, 14, 28 and
90 days.

After 28 days of curing in 100% RH made durability test by
taking certain numbers of cubes and immersed in 5% MgSOs
solution. Then, these cubes were tested by compressive strength
machine after 1, 2, 4 and 6 months of curing in 5% MgSO
solution. Also made thermal resistance After 28 days of curing in
100% RH, certain number of cubes were dried at 80 °C for 24 hrs,
and then fired at 200 °C, 300 °C and 600 °C, the weight before and
after firing was taken.

2.3. Testing and characterization

The cubic specimens were used for the determination of the
compressive strength after each curing age; the average of the
three reading of compressive strength was considered. These
specimens represented a certain composition and cured for a
certain period. The compressive strength test was performed
using a ton industry machine (West Germany). Stopping the
geopolymerization process at each curing time was done by
removing the free water; this was accomplished by drying the
crushed specimens for 24 hours at 105 °C [45]. The initial and
final setting times for each freshly prepared paste were
determined using Vicat needle [46]. Water absorption
measurements of the hardened geopolymer specimens were
carried out according to ASTM C140 [47].

The percentage of absorption was calculated using the following
equation:

Water Absorption (%) =[ (W1-W2) /W2]x 100 (1)
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Where:

W1: The weigth of the surface dry sample after immersion in
water for at least 24 hours.

W2: The weight of specimen after complete drying at 105 °C .

X-ray diffraction technique was carried out of some selected
hydrated and dried geopolymer pastes to investigate the
crystallinity structure and mineralogy of these mixes.

The spectroscopic analysis was performed of some selected
hardened geopolymer pastes to evaluate the functional groups in
the hardened geopolymer samples using Fourier Transformation
Infrared (FTIR). The band spectral was recorded in the range of
4000 — 400 cm. Scanning electron microscope; (SEM) has been
used to study the morphology and microstructure of some
selected GPC specimens.

3. Results and discussion
3.1. Compressive strength

The compressive strength values for 100% GGBFS based
geopolymer cement (GPC) hardened specimens and pastes
replaced by 10, 20 and 30% of homra, prepared using solid /
activator (S:A) ratio of 2:1 and sodium silicate/sodium hydroxide
(LSS:LSH) ratio of 2 (mixes (B1:1, H1:1, H2:1 and H3:1
respectively) after 3, 7, 14, 28 and 90 days of curing at ambient
room temperature and 100% relative humidity are shown in Fig.
l.a. The compressive strength values indicated a continuous
increase with increasing the age of curing for all specimens
(mixes B1:1, H1:1, H2:1 and H3:1). In addition; as the
replacement of homra increase as the compressive strength
values decrease. And the replacement of 10% homra show the
highest compressive strength value especially at later ages of
curing. The increasing of the compressive strength values due to
the formation of geopolymer with good mechanical properties
via the alkali activation of GGBFS. This results can be explained
in terms of the higher reactivity of GGBFS, which in the presence
of the alkaline activator (OH-) which promote the rupture of
bonds in its structure (Ca-O, Si-O and Al-O) that forms dissolved
species (Ca?, (H:5i0O4)*, (HsSiOs) and (Al(OH)s) which can
precipitate when reaches to saturation to form CSH and CASH
[48]. Also the calcium ions present in slag enter in the Si-O-Al
structure, which compensate the charge of the aluminum atoms
(Al)** and allows the space for the CASH in addition to NASH
gel this leads to formation of more dense structure [49,50]. The
decrease in the compressive strength values for mixes replaced
by 20 or 30% of homra due to the increase in the amount of
unreacted silicon by the presence of high amount of homra;
which has a deleterious effect on the mechanical strength of
geopolymers [51].

Fig.1 (b and c) show the compressive strength values for 100%
GGBEFS based geopolymer cement (GPC) hardened specimens
and pastes replaced by 10, 20 and 30% homra GPC specimens by
using solid / activator (S:A) ratio of 2:1 and sodium
silicate/sodium hydroxide (LSS:LSH) ratios of 1 and 0.5 mixes
[(B1:2, H1:2, H2:2 and H3:2) and (B1:3, H1:3, H2:3 and H3:3)],
respectively after 3, 7, 14, 28 and 90 days of curing at ambient
room temperature and 100% relative humidity. The compressive
strength values show almost the same trend as in the Fig. 1.a;
where there is a continuous increase with increasing the age of
curing for all GPC specimens. Also, as the replacement of homra
increases as the compressive strength values decrease. And, the
replacement of 10% homra shows almost the highest
compressive strength value especially at later ages of curing; the
reasons for these results were discussed in the previous section.

By comparison all the figures of compressive strength Fig.1.a,
Fig.1.b and Fig.l.c to show the effect of different ratios of
activators (SS/SH =2, 1 and 0.5). Obviously, as the ratio of SS/SH
decrease from 2 to 1 as the values of compressive strength
increase and decrease again as the ratio of sodium
silicate/sodium hydroxide decrease from 1 to 0.5. So, the lowest
compressive strength values for GPC specimens at all ages of
curing made by using ratio of activator (S5/SH= 0.5); where it is
the highest content of sodium hydroxide used among the other
SS/SH ratios, indicated the lowest geopolymerization reaction.
Evidently; if the alkalinity is low ( high SS/SH ratio) the
dissolution of calcium ions Ca? from slag is promoted and
consequently the formation of CSH gel is pronounced, leading to
stable gel coexistence, but high alkalinity (low SS/SH ratio) tends
to lead for Ca(OH)z, where it has low hydraulic property [52].

Obviously; for GPC specimens prepared by using alkaline
activator (SS/SH) mass ratio of 1 the geopolymer indicated a
relatively high strength values during all curing periods for all
GPC specimens due to the complexity of the geopolymerization
process and indicated the effect of the concentration of the
alkaline activator constituents and the presence of dissolved
silicon in the aqueous solution of sodium silicate contributes to
the increase of compressive strength. The higher concentration of
dissolved silicon produces higher compressive strength values,
but only for certain limit, further increase in silicon ions
concentration causes a notable decrease in the compressive
strength values [53]. Many papers have suggested that the
optimum SS:SH ratio to produce geopolymer having high
strength values is in the range 0.67-1.00 [50] , as mentioned in
this study. In general, the use of sodium silicate helps to improve
and increase the rate of the geopolymerisation process by
accelerating the dissolution of the source material. These results
are in agreement with the previous results in the papers [5,54].
And; the slight decrease in the compressive strength values
observed with increasing SS:SH ratio to 2 in the alkaline solution,
is mainly attributed to increasing the viscosity of the reaction
matrix with increase SS:SH ratio and thus hindered the mass
transport through the solution which leads to a low strength of
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geopolymer paste. Moreover, increasing the amount of
unreacted material, which increases with silicon concentration
and has a deleterious effect on the mechanical strength of
geopolymers [51,55]. On conclusion, in this study, the obtained
results revealed that the compressive strength of the formed
geopolymers increases for SS:SH ratio of 1, due to the promotion
of polymerization reaction.
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Figure. 1. Compressive strength values of GPC specimens made
from Mixes (B1.1, H1.1, H2.1 and H3.1), Mixes (B1.2,
H1.2, H2.2 and H3.2) and Mixes (B1.3, H1.3, H2.3 and
H3.3) after different ages of curing.

3.2. Setting Times

The results of the initial and final setting times for 100% GGBES
based geopolymer cement (GPC) hardened specimens and
pastes replaced by 10, 20 and 30% homra, prepared using solid /
activator (S:A) ratio of 2:1 and sodium silicate/sodium hydroxide
(SS:SH) ratio of 2, 1 and 0.5 mixes [(B1:1, H1:1, H2:1 and H3:1),

(B1:2, H1:2, H2:2 and H3:2) and (B1:3, H1:3, H2:3 and H3:3)],
respectively are shown in Fig. 2. (a, b and c). The initial setting
times ranges from 4 to 304 min while the final setting time
ranged from 12 to 391 min. Clearly, the results revealed that the
initial and final setting times are affected by two main factors
namely (1) Sodium silicate: Sodium hydroxide ratio and (2) The
% replacement of GGBFS by Homra. Obviously, the results
showed a notable increase in both initial and final setting times
values with decreasing the SS:SH ratio for all tested pastes.
Obviously, GPC specimens made with least amount of sodium
silicate (SS/SH ratio of 0.5) have the largest initial and final
setting times compared to those made with larger SS/SH ratios,
(1 and 2). This result is due to the reduction in the amount of Si
present in the paste, which results in slowing the polymerization
process [56]. Decreasing the ratio SS:SH in the alkaline activator
solution increased setting times which due to increasing the rate
of geopolymerisation [57]. These results illustrate the influence
of chemical compositions of alkaline activator on the rate of
setting. Evidently, upon decreasing the SS:SH ratio from 2 to 0.5,
the amount of soluble silica decrease, the polymerization process
is retarded so, the initial and final setting times increased.
Replacing GGBFS with different amount of Homra (10, 20 and
30% by mass of slag) causes a notable increase in both initial and
final setting times for GPC specimens made by SS/SH ratio of 2,
where there is large increase in setting times for pastes made by
replacing of 30% homra due to retardation of the rate of
polymerization process in the presence of these waste materials.
But there is a notable decrease in both initial and final setting
times for GPC specimens made by SS/SH ratio of 1 and 0.

3.3. Water absorption studies

The results of water absorption values for 100% GGBEFS based
geopolymer cement (GPC) hardened specimens and pastes
replaced by 10, 20 and 30% homra, prepared using solid /
activator (S:A) ratio of 2:1 and sodium silicate/sodium hydroxide
(S5:SH) ratio of 2, 1 and 0.5 after 3, 7 14 and 28 days of curing at
ambient temperature mixes [(B1:1, H1:1, H2:1 and H3:1), (B1:2,
H1:2, H2:2 and H3:2) and (B1:3, H1:3, H2:3 and H3:3)],
respectively are given in Fig. 3. (a, b and c). This test was used to
investigate the relative porosity or permeability of the hardened
GPC pastes.

It was clear that the water absorption values for all GPC
specimens decrease with increasing the curing times due to
formation of more hydration products in the pores. The GPC
paste made from 100% GGBEFS show the lowest water absorption
values especially when used low SS/SH ratio, (1 and 0.5) this is
due to continuous activation of slag hydration by activators and
accumulation of hydration products which fills some of open
pores and due to reduction of porosity in presence of slag due to
formation of new phases in geopolymer pasted. Beside, the mix
made from replacement of slag by 10% homra showed the
lowest water absorption values than those of replaced by 20 or
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30% homra, suggesting that the 10% homra wt., % was the
optimum percentage for the replacement of GGBFS. These
results are in agreement with the results of compressive strength
obtained, which indicated higher compressive strength values
for these mixes, due to a low degree of porosity [52]. It was clear
from the results of water absorption that the values of water
absorption for GPC specimens made by using SS/SH ratio of 1
almost the lowest water absorption values than the other ratios
of SS/SH these results are in agree with the obtained
compressive strength results.
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Figure. 2. Mass change of GPC specimens made from Mixes
(B1.1, H1.1, H2.1 and H3.1), Mixes (B1.2, H1.2, H2.2 and H3.2)
and Mixes (B1.3, H1.3, H2.3 and H3.3) after different ages of
curing.
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Figure. 3. Water absorption of GPC specimens made from Mixes
(B1.1, H1.1, H2.1 and H3.1), Mixes (B1.2, H1.2, H2.2 and H3.2)
and Mixes (B1.3, H1.3, H2.3 and H3.3) after different ages of
curing.

3.4. Resistance to Sulfate attack

Sulfate attack resistance is an important durability test for
materials used in construction. Two geopolymer cement
specimens, (B1.2 and H1.2) were used to evaluate magnesium
sulfate resistance. The Compressive strength of B1.2 and H1.2
mixes after immersing in 5% MgSOs forl, 2, 4 and 6 months are
graphically represented in Fig. 4.

The evaluated property in this study is compressive strength.
Decrease in the value of strength may be attributed to the
presence of micro cracks as a result of gypsum and ettringite
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formation in the pores in addition to migration of alkalis from
geopolymers into the solution within pores [58] and [59]. Also
found that partial replacement of GGBFS by 10% homra give
high strength value than 100% GGBES as a result of immersion
in sulfate solution. This can be attributed to the partial filling of
the pores by Homra which decrease the permeability and
entrance of SO« ions inside the core structure of geopolymers.
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Figure (4): Compressive strength versus immersing time in
5%MgSO: for mixes B1.3 and H1.3.

3.5. Thermal effect:

The Compressive strength of B1.2 and H1.2 mixes after firing at
200 °C, 300 °C and 600 °C for 3hrs are graphically represented in
Fig. 5. (a). Also, % of weight loss of B1.2 and H1.2 mixes after
firing are graphically represented in Fig. 5. (b)

Firing geopolymer specimens (mixes B1.2 and H1.2) showed a
sharp loss in compressive and weight. This loss continued by the
increase in the firing temperature from 200 °C to 600°C for the
two geopolymer specimens. The compressive strength decreased
due to the increasing cracks and pores arising from the
dehydration [60] According to the Iliterature, strength
deterioration appears to be a universal thermal behaviour for
sodium silicate activated geopolymer compositions, such as
mortars and concrete, and has been observed in slag-based
geopolymer [61], [62] and [63].Weight loss is observed due to the
rapid evaporation of free water that is adsorbed on the surface of
grains, which may cause a nominal shrinkage.

3.6. XRD analysis

The XRD patterns of GPC specimens made from Mixes B1.2 and
H1.2 after 3 and 28 days of curing in 100% RH, are shown in Fig.
6. The diffraction patterns of all mixes have a large diffused
hump in the region of 27— 33° the hump at about 29° is
characterizing for glassy phase of the hydration product formed

mainly as CSH gel [64,65]. The intensity and the degree of
broadening of this hump are increased by increasing the
amorphous CSH content of the geopolymer formed [66]. Where
replacement of GGBFS by 10% homra showed increase in the
intensity of this peak especially at later ages of curing (28 days),
these explained the higher in the compressive strength value of
mix H1.2 than blank. There is appearance of new peaks in the
XRD patterns in the mix containing homra which characteristic
for calcite and quartz, the appearance of calcite is due to the
carbonation of the geopolymer specimens. There are appearance
of another peak at about 31° corresponding to calcium
aluminum magnesium silicate and peak at about 33°
corresponding to aluminosilicate, and there is another peak at
about 36° for mix H1.2 only after 28 days of curing which is
corresponding to serendibite. XRD of mixes B1.2 and H1.2 after 1
and 4 months of immersing in 5% MgSOsare shown in Fig. 7.
There are almost the same peaks of CSH, calcite and quartz, it is
clear from Fig. 7. that the broadening of CSH peak increase for
mix containing homra, where the presence of homra in GPC
specimens made resistance to sulfate attack and increase the
value of compressive strength, these results agree with the
results of compressive strength development obtained. And
XRD of mixes B1.2 and H1.2 after firing at 200°C and 600°C are
shown in Fig. 8. It is shown from this figure that the broadening
of hydration product peak as sodium calcium silicate of blank
mix was higher than mix containing homra, so the compressive
strength of blank is higher than B1.2 mix.

3.7. Fourier Transform Infrared (FTIR) spectroscopy
analysis

Fig. 9, 10 and 11 showed the IR spectra of geopolymer samples
prepared using 1 SS/SH ratio (B1.2 and H1.2) after 3 and 28 days
of curing at ambient temperature and 100% relative humidity,
GPC samples (B1.2 and H1.2) after firing at 200 and 600 °C and
GPC specimens (B1.2 and H1.2) after immersing in 5% MgSOs
solution for 1 and 4 months, respectively. All figures of tested
GPC specimens showed broad band appearing at 3440 cm,
where the stretching vibrations of O-H and H-O-H appear at
about 3440 cm? and 2380 cm. In addition, the weak band at
about 1660 cm is associated to vibrations of OH and HOH
bonds in the water molecules. In the previous studies showed
that the bands as reported by Tho-In et al. [67] revealed that the
water molecules were absorbed on the surface or embedded in
the pores during the process of geopolymerization in hydrated
products as C-S-H and C-A-S-H [68,69]. The band at roughly
1450 cm? indicated the stretching vibration of O-C-O was
detected for all tested GPC pastes which is attributed to the
carbonation reaction. The carbonation process occurred due to
reaction of alkali metal hydroxides (present as activator solution)
with atmospheric CO: [70,71].
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In addition the stretching vibration of Si-O-Si and Al-O-5i was
detected at about 960 cm? indicated the formation of
aluminosilicate gel. Also was found stretching vibration of Si-O-
Si at 660 cm? and bending vibrations of Si-O-Si and O-5i-O
located at 450 cm'. From Fig.9 the IR patterns showed a notable
increase in the intensity of C-A-S-H and CSH gel, indicating
increase in the amount of geopolymer formed with substitution
of GGBFS by 10% homra, these results agree with the results of
compressive strength obtained for these mixes. Also, the increase
in the intensity of broad bands of stretching OH and bending
HOH vibration of bound water molecules of these mixes
observed in the FTIR specta in the region of 3440 to 1660 cm”,
this confirmed that the geopolymers able to absorb water in
three dimensional frame network increases with replacement of
slag by homra. Fig.10 showed the behavior of firing GPC
specimens at 200 and 600 °C the FTIR patterns showed a notable
increase in the intensity of C-A-S-H and CSH gel, indicating
increase in the amount of geopolymer formed with substitution
of GGBFS by 10% homra and also with increasing the firing
temperature. Fig.11. showed the durability behavior of tested
mixes where intensity of beaks increase with increasing
immersing time in sulphate solution and by replacement with
10% homra.
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Figure.5. Compressive strength for mixes B1.3 and H1.3 versus
firing temperature and the % of weight loss of mixes B1.3 and
H1.3 versus firing temperature.
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Figure.6. XRD patterns of mixes B1.2 and H1.2 after 3 and 28
days of curing in 100% RH.
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Figure.S. XRD patterns of mixes B1.2 and H1.2 after firing at
200°C and 600°C.
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Figure.9. IR spectra of mixes B1.2 and H1.2 after 3 and 28 days of
curing in 100% RH.
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Figure.10. IR spectra of mixes B1.2 and H1.2 after firing at 200°C
and 600°C.
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Figure.11. IR spectra of mixes B1.2 and H1.2 after 1 and 4 months
of immersing in 5% MgSO, solution

3.8. Morphology and microstructure

The microstructure of the hardened geopolymer pastes prepared
by using 1- SS: SH ratio (B1.2 and H1.2) after 3 and 28 days of
curing at ambient temperature and 100% relative humidity, GPC
specimens (B1.2 and HI1.2) after immersing in 5% MgSO
solution for 1 and 4 months and GPC samples (B1.2 and H1.2)
after firing at 200 and 600 °C are shown in Fig. 12-14,
respectively. For all pastes, the SEM micrographs indicated the
formation of geopolymer with mostly amorphous structure. Fig.
12. a and b. show SEM for 100% GGBFS (B1.2) after 3 and 28
days respectively, of curing in water which had continuous
compact structure [72] with dense gel like matrix with structure
of hydration products as calcium alumino silicate hydrate
(CASH) with micro fibrous crystals of CSH [66]. Also the
unreacted slag particles appear on the surface of the dense
Observed that continuous
geopolymerization process has been able to produce the gels

geopolymer  structure.

where large pores tend to reduce in small and volume for long
term specimen. Linking of geopolymer gels have formed
capillary gels in pores and cracks [73]. Fig. 12. ¢ and d. show
SEM for GCP having 10% homra (H1.2) after 3 and 28 days
respectively, of curing in water, where it is more compact and
less pores than that 100% GGBES (B1.2) [74]. The unreacted brick
particles were observed with many voids in the geopolymer
matrix with more compact matrix and hence, higher compressive
strength. On the other hand, denser structure was observed due
to the higher Na:O content in the geopolymer mixture; this
enhanced the geopolymerization and increases the compressive
strength. An increase in the curing period also enhanced the
arrangement of the geopolymer structure effectively. As
illustrated in Fig. 12. b and d, needle-like products observed in
the matrix hinted the presence of crystal phases of geopolymer
matrix in the early age. As the curing period increase to 28 days,
the compressive strength of the specimen increases while the
needle-like products observed decreased significantly.

Obviously, these results confirmed the obtained results of
compressive strength mentioned previously.
The SEM micrographs of the GPC specimens of mixes (B1.2 and
H1.2) after immersion in 5% MgSOs solution for 1 and 4 months
showed in Fig. 13, it is showed from these figures that the SEM
micrographs of 100% slag mix show some needle like crystals of
ettringite phase, in addition to CSH phases. The formation of
ettringite which characterized by its large volume can cause an
internal stress inside the pores. This internal stress leads to
formation of micro-cracks, hence compressive strength
decreases. SEM micrograph of mix H1.2 after curing in sulphate
solution (Fig. 13. ¢ and d) showed some small crystals of
ettringite besides calcium silicate hydrates. Large rod crystals of
ettringite can be identified.

The SEM micrographs of the GPC specimens of mixes (B1.2
and H1.2) firing at 200 and 600 °C are shown in Fig. 14. It is
showed from these figures that there is cracking and flakiness
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Figure.13. The SEM-micrographs of B1.2 and H1.2 mixes after 1

and 4 months of curing in 5% MgSQOssolution

when made firing to GPC specimens which is caused decrease in
compressive strength, where firing at high temperature made
high degree of flakiness which decrease the compressive
strength, these results agreed with the results of compressive
strength mentioned previously.

Figure.12. The SEM-micrographs of B1.2 and H1.2 mixes after 3
and 28 days of curing in 100% RH.
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Figure.14. The SEM-micrographs of B1.2 and H1.2 mixes after
firing at 200°C and 600°C.

4. Conclusion

The major findings of this work are summarized as follows:

1. The SS:SH ratio plays an important role in the preparation of
geopolymer paste, the optimum ratio for SS:SH is 1 while the
ratio 0.5 give the least compressive strength values.

2. Partial replacement of slag by 10% Homra increase the
compressive strength, enhanced microstructural properties and
formed compact geopolymeric structures, where it is increased
the rate of Geopolymerisation reaction.

3. Both initial and final setting times increase with decreasing the
SS:SH ratio for all tested pastes. Replacing GGBES with different
amount of Homra (10, 20 and 30% by mass of slag) causes a
notable increase in both initial and final setting times for GPC
specimens made by SS/SH ratio of 2.

4. Water absorption of the formed geopolymers decreased with
increasing SS:SH ratio from 0.5 to 1 then showed a slight increase
with a further increase to 2.

5. Partial replacement of GGBFS by 10% homra give high
strength value than 100% GGBES as a result of immersion in
sulfate solution to evaluate the sulfate attack resistance.
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