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�e merit of this study is manufacturing cheaper roof tiles using �uxed waste material such as granulated iron slag, in addition to
the environmental bene�t of decreasing the cost and negative impact of their disposal and land�lling. Waste water-cooled
granulated iron slag was ground and added in proportions ranging from 0 to 30 wt.% to kaolin clay to prepare roof tiles for the
economic purpose of decreasing the production cost by incorporating cheap waste and to serve sustainability. �e raw materials
were characterized by XRD, XRF, and particle size analysis. �e specimens were shaped using a rectangular mould with di-
mensions of 150× 30× 30mm3 under an axial pressure of 10MPa and then dried in a dryer at 110°C. �e �ring of the dried
specimens was carried out at 900, 1000, and 1100°C. �e characteristics of �red specimens were determined by their linear �ring
shrinkage, water absorption, compressive strength, and freezing-thawing resistance. Results showed that samples containing 20%
slag waste and �red at 1000°C displayed a cold water absorption of 12% and a saturation coe�cient of 0.82, both values being lower
than the maximum value recommended by standards. Also, the recorded breaking strength of 5040N was much higher than the
minimum standard value. �ese samples were also subjected to 50 freeze-thawing cycles, which they passed without the ap-
pearance of any cracks. It was concluded that samples containing 20% slag waste and �red to 1000°C or 1100°C ful�lled the
requisites of ASTM C1167 for grade 3 normal duty roof tiles.

1. Introduction

In the last few decades, the use of clay roof tiles has been
boosted by the stringent restrictions put on the use of
asbestos as a roo�ng material owing to its harmful health
e¡ects [1, 2]. Clay roof tiles are nowadays �nding wide
applications in traditional homes, hotels, or resort con-
struction owing to their attractive appearance and
properties such as high strength and high durability [3, 4].
�e fact that such tiles need �ring at elevated temperatures
exceeding 1000°C has had, however, a negative impact on
the economics of their production. �is has prompted
an investigation into the incorporation of various

industrial wastes into the tile recipe to limit their
manufacturing cost [5].

In this connection, many studies have been carried out to
substitute part of the original clay mix with industrial refuse
materials. Dondi et al. showed the possibility of using glass
waste produced from PCs and TVs in the production of roof
tiles. Glass waste (cullet) was crushed and ground to a
particle size of less than 1mm. Specimens were prepared by
mixing clay with di¡erent percentages ranging from 0 to 5%
wt. of waste, to be then shaped by plastic extrusion, dried,
and �red at di¡erent �ring temperatures (900, 950, and
1000°C), with a soaking time of 4 hours. �e characteristics
of the produced roof tiles were determined, such as water
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absorption, open porosity, bulk density, and modulus of
rupture. 'e authors concluded that it was possible to
substitute the original clay mix by up to 4% without
impairing the properties of the fired bricks [6]. On the other
hand, Gaggino et al. investigated the addition of rubber and
plastic waste in the preparation of roof tiles. 'eir results
indicated that adding these wastes enhanced the physic
mechanical properties of the tiles by decreasing porosity and
increasing flexural strength [7]. Using rock dust as an ad-
ditive, Sultana et al. investigated the effect of that addition on
the properties of fired roof tiles. 'ey mixed red clay with
different percentages of rock ranging from 10% to 50% and
sintered the produced mixes at temperatures ranging from
850 to 1100°C. 'ey concluded that it was possible to reach a
flexural strength of about 32MPa with water absorption of
6.5% by adding 40% waste and firing at 900°C [8]. In a
different context, Ingunza et al. incorporated domestic
sewage sludge into the manufacturing of ceramic roof tiles.
Five mixtures were prepared using different proportions of
sludge ranging from 2% to 10% by weight as a partial re-
placement for clay. Because of the high organic matter
content in the sludge (>70%), the addition was limited to 4%
by weight so as not to negatively affect water absorption and
flexural strength [9]. On the other hand, De Silva et al.
studied the possibility of replacing clay with rice husk ash
(RHA) in the preparation of ceramic roof tiles. 'ey fired
specimens with different compositions ranging from 0% to
20% of waste substitution at temperatures reaching 1100°C.
'ey determined the effect of waste addition on water ab-
sorption and flexural rupture strength and found a re-
placement of 10% wt. increased the breaking load by about
45.97% due to high ductility compared to the standard tiles.
'ey concluded that RHA can replace clay up to 15% to
satisfy the limit of water absorption imposed by standards
[10]. Using a mixture of coal fly ash and tile waste to partly
substitute clay in roof tile recipes, Figen et al. investigated
three different types of ash and found out that the maximum
possible level of addition depended on the chemical analysis
of the ash used. A mix containing 5% tile waste and two
different types of fly ash could be used to produce good
quality tiles by firing at 1000°C [11]. Recently, Khater et al.
[12] were able to produce porous ceramic tiles by using two
waste materials, namely arc furnace sludge, and ceramic
sludge. 'eir work concentrated on the electric properties of
the produced bodies, whereby their samples proved to have
low electrical conductivity and could therefore be used as
electrical insulators.

In connection to the present work, the use of metal-
lurgical slags in the preparation of roof tiles was tackled by a
limited number of authors. Kallas et al. [13] discussed the
feasibility of the incorporation of nickel slag as secondary raw
material in the manufacturing of roof tiles. 'ey mixed the
basic mixture of roof tiles with different percentages of waste
to determine the optimum composition.'ey found that slag
waste could be used up to 25% in roof tiles to meet Brazilian
Technical Standards. 'e addition of nickel slag waste in-
creased the density and mechanical strength but reduced the
permeability and water absorption of the tiles. Amin et al.
[14] studied the effect of using marble dust as secondary raw

material in the manufacturing of roof tiles. 'ey charac-
terized the marble dust and the basic raw materials used for
ceramic tiles using XRF and XRD. 'ey prepared mixtures
with different compositions of waste ranging from 0% to 30%
by weight as a partial replacement of the standard mix of roof
tiles. 'is was followed by moulding, drying, and firing at
temperatures ranging from 1000°C to 1150°C with a soaking
time of 3 hours. 'ey determined the physical and chemical
properties of the produced roof tiles as compared to standard
values.'ey found marble dust can be used in roof tiles up to
a 10% addition and firing temperature at 1000°C. Also,
Lemougna et al. [15] suggested the use of copper smelting
slag to prepare structural ceramic components, including
roof tiles. 'ey claimed a compressive strength of 140MPa
for the prepared components and interpreted their findings
by XRD investigation. It is believed that the exaggerated
value of compressive strength was due to the small sample
size (20× 20× 20mm3). On the other hand, Ahmed et al. [16]
recently investigated the possibility of using aluminium
smelting slag in the preparation of clay roof tiles.'eir results
revealed that it was possible to obtain tiles abiding by
standards by the substitution of clay with 40% slag and firing
at 1100°C. 'e addition of sulfidic mine tailings in the
preparation of roof tiles was recently researched by Paiva
et al. [17], who could reduce the firing temperature from
1150°C to 1050°C by adding 20% tailings to a standard mix.
As for the use of iron slag, this was the topic of research
investigated by Ghosh et al. [18] for ceramic tiles rather than
roof tiles. 'ey obtained water absorption figures as low as
2.5% and flexural strengths ranging from 28 to 38MPa. 'e
closest to the present work is that reported by Kim et al. [19],
who prepared roof tiles by mixing clayey materials (79.5%)
with 15% ferronickel slag with the balance magnesium al-
uminium silicate. Upon firing at 1125°C, the produced bricks
showed a breaking strength of 12 kN and cold-water ab-
sorption of 6.08%.

In the present work, the use of Granulated Blast Furnace
Slag (GBFS) waste as a partial substitute for the original clay
mix is investigated for the dual purpose of managing waste
and obtaining lower-cost roof tiles as per ASTM C1167 [20].
'e main reason for using that particular type of slag is to
make use of the fluxing oxides present in that slag, which can
potentially reduce the firing temperature of the tiles, which
normally ranges from 1100°C to 1200°C [21]. To the authors’
knowledge, there were no previous trials to incorporate blast
furnace slag into the recipe for clay roof tiles.

2. Materials and Methodology

'e present section deals with the type of rawmaterials used,
their source, and the methods used for characterization.'is
is followed by a brief description of the method of prepa-
ration of samples and the methods used for determining the
properties of both dry and fired samples.

2.1. RawMaterials. 'e rawmaterials used in the study were
Aswan kaolin clay (Upper Egypt) and ground granulated
blast furnace slag (GBFS). Kaolin clay was crushed and
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ground, while ground granulated blast furnace slag (GBFS)
was obtained from the Iron and Steel Factory,Helwan, Egypt.
Both rawmaterials were characterized through the following
techniques:

Chemical composition was determined using X-ray
fluorescence (XRF) that was run on an AXIOS, Panalytical
2005, Wavelength Dispersive (WD–XRF) Sequential
Spectrometer.

'e mineralogical composition of both materials was
determined by X-ray diffraction (XRD) using the Bruker D8
advanced computerized X-ray diffractometer apparatus with
mono-chromatized CuKα radiation, operated at 40 kV and
40mA.

Scan Electron Microscope (SEM) micrographs were
obtained using a JEOL-JSM 6510 type microscope with a
maximum magnification of 300,000.

'e particle size distribution was determined using the
standard sieve analysis procedure according to ASTM C136-
01 [22].

2.2. Preparation of Roof Tile Samples. 'ree clay-slag mix-
tures were prepared by replacing clay with different per-
centages of GBFS: 0%, 10%, 15%, 20%, and 30% (by weight).
Water was then gradually added in at a proportion of 20% to
impart plasticity to the mix.

'e different mixtures were shaped using rectangular
moulds of dimensions (150× 30× 30mm3) and then pressed
by uniaxial pressing at 10MPa. 'ese dimensions were
chosen to allow for determining the mechanical properties
of flexural strength, while the uniaxial pressure used was
enough to ensure proper consolidation of the samples before
firing.

Green ceramic bodies were left in the air and then dried
for 24 hours in a dryer at 110°C, after which the specimens
were fired in a muffle furnace with a soaking time of 1 h at
different temperatures (900°C, 1000°C, and 1100°C). After
soaking, all specimens were allowed to cool naturally to the
ambient temperature inside the furnace. 'e experimental
procedures were shown in Figure 1.

2.3. Properties of Dry and Fired Samples. 'e properties of
dried and fired samples will be discussed in the following
section.

2.3.1. Linear Shrinkage (LDS and LFS). 'e linear drying
shrinkage of the specimens (LDS) was determined using the
following definition:

LDS% �
Lw − Ld

Lw

× 100, (1)

where Lw and Ld are the wet and dry lengths, respectively.
Also, the linear firing shrinkage (LFS) was obtained

using a similar following expression:

LFS% �
Ld − Lf

Ld

× 100, (2)

where Ld and Lf are dry and fired lengths, respectively.
Both parameters (LDS and LFS) were determined fol-

lowing ASTM C326-09 [23].

2.3.2. Water Absorption (WA), Bulk Density, and Porosity.
'ere are two standard tests for water absorption as regu-
lated by ISO 10545 [24]. Coldwater absorption (CWA) and
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Figure 1: Experimental procedure.
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boiling water absorption (BWA) are defined by the following
relation:

WA �
mw − md

md

× 100, (3)

where md and mw are the dry and wet masses,
respectively.

'e ratio between the values of CWA and BWA is
termed the Saturation Coefficient (SC) and is indicative of
the size of the pores. A high SCmeans that the pores are large
enough to allow them to be filled by cold water since the
resisting action of trapped air bubbles will be negligible. 'e
standard ASTM C1167-11 (2017) [19] stipulates that this
ratio should not exceed 0.86.

On the other hand, the bulk density of fired samples was
calculated as the ratio between their mass and bulk volume,
whereas the powder density was determined by the pyc-
nometer method as regulated by ISO787-10 [25].

Also, the apparent porosity of the fired samples was
determined following ISO787-10 [25] as being the ratio
between the open pores of the specimen and its bulk volume.
As for the total porosity, it was calculated from the values of
bulk density (ρB) and powder density (ρP) through the
following relation:

P% � 1 −
ρB

ρP

  × 100. (4)

2.3.3. Transverse Breaking Strength (BS) and Modulus of
Rupture (MOR). According to ASTM C1167-11 [21], the
transverse breaking strength is determined using a three-
point bending test. It is calculated from the following
relation:

BS �
F.L

b
, (5)

where BS is the Breaking Strength (N), F is the braking load
(N), L is the distance between the two supports (mm), and B

is the breadth of the tile specimen.
'e minimum allowable breaking strength for roofing

clay tiles, following ASTM C1167-11, is 1334N.
'e modulus of rupture (MOR), on the other hand, is

not a standard requisite for clay roofing tiles. However, it
was determined to follow the effect of percent GBFS sub-
stitution and firing temperature on the transversal flexural
strength. Its value can be deduced from that of the breaking
strength through the following formula:

MOR �
3.BS
2d

2 · MPa, (6)

where d is the specimen thickness (mm).

2.3.4. Freezing-3awing Resistance. Following ASTM
C1167-11, five tile specimens should show no cracks or
breakage after 50 freezing-thawing cycles.

2.3.5. Reproducibility of Experimental Results. To ensure the
reproducibility of results, a minimum of three specimens per
sample were tested each time, the number raised to five
whenever required by the relevant standard specification
(ASTM C1167-03). 'e mean value was chosen each time,
and Dixon’s rule was used to reject possible outliers [26].

3. Results and Discussion

'is section includes the results obtained for the chemical
and mineralogical characterization of the raw materials,
followed by the experimental results obtained for dry and
fired samples.

3.1.CharacterizationofRawMaterials. 'e following section
shows the characterization of raw materials.

3.1.1. Chemical Composition. Table 1 shows the chemical
analyses of both clay and iron slag used in that work. As

Table 1: Chemical analysis of raw materials.

Component Clay wt.% GBFS wt.%
Al2O3 32.906 9.97
SiO2 48.931 38.67
Na2O 0.094 0.99
K2O 0.014 0.53
CaO 0.505 34.02
MgO 0.09 4.11
TiO2 5.918 0.62
Fe2O3 1.193 0.68
SO3 0.291 2.68
Cl 0.011 0.04
Cr2O3 0.138 0.014
ZrO2 0.465 0.081
LOI 9.2 2.74
Total 99.756 99.654
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Figure 2: XRD patterns for clay and GBFs.
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expected, while the predominant phases in clay are alumina
and silica, these are calcium oxide and silica in the case of
slag. 'e percent calcium oxide (34.02) % is typical, as re-
ported by El-Chabib in his comprehensive review on the
matter (32.6–43.9%) [27].

It also appears from that table that the loss on ignition of
clay is 9.2% owing to the dehydroxylation of kaolin to meta-
kaolin according to the following reaction [28]:

Al2Si2O5(OH)4 � Al2O3.2SiO2 + 2H2O. (7)

As for the loss on ignition of slag (2.74%), this is pre-
sumably due to the decomposition of calcium hydroxide,
carbonate, and bicarbonate that were formed on slaking by a
reaction between any free oxide present and the surrounding
atmosphere.

3.1.2. Mineralogical Composition. As established from XRD,
the mineralogical composition of the raw materials is il-
lustrated in Figure 2. 'is reveals that kaolin clay is mainly
composed of kaolinite (Al2Si2O5(OH)4) and quartz (SiO2),
whereas slag is almost amorphous, although it exhibits a
diffuse peak at 29–30° indicative of the presence of calcite
(CaCO3) formed by the slaking of free lime present in slag.

3.1.3. Particle Size Distribution. Figure 3 displays the particle
size distribution of both raw materials. It appears from that
figure that kaolin clay is much finer than ground slag. 'e
median particle size (D50) for kaolin is 0.2mm, while that of
ground slag is 1.1mm.

3.1.4. Powder Densities of Raw Materials. 'e powder
densities of both materials were determined using the
pycnometer method. 'e powder density of kaolin

clay� 2.62± 0.05 g·cm−3 and that of GBFS� 2.86±
0.08 g·cm−3.

3.1.5. Determination of Free Lime in Slag. 'is was deter-
mined using the ethylene glycol method of McPherson and
Forbrich as detailed by Goto and Kakita [29]. 'e test was
repeated on three different specimens to obtain an average
value of 2.128% CaO. Since all free lime will have been slaked
to calcium carbonate, as evidenced by the obtained XRD
results, the corresponding percentage of calcium carbonate
would amount to about 4.07%.'is figure is compatible with
the findings of Vilciu et al. [30], who put the level of free CaO
between 1.7 and 7%.

3.2. Results of Dry and Fired Samples. 'e experimental
results of the dried and fired samples are discussed in the
following sections.

3.2.1. Linear Drying Shrinkage (LDS). 'e addition of GBFS
waste to kaolin resulted in a slight increase in LDS up to 20%
addition, followed by a sharp drop for higher replacement
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ratios. One possible reason is that the glassy nature of GBFS
allows its particles to slide easily between the kaolin particles
so that there is an initial increase in shrinkage on adding
GBFS waste that does not practically vary as the percentage
of slag moves from 10% to 20%. Above this level, however,
the nonplastic nature of slag prevails, resulting in a decrease
in drying shrinkage [31] (Figure 4).

3.2.2. Linear Firing Shrinkage (LFS). Figure 5 shows the
results obtained for the effect of waste substitution for clay
on the percent linear firing shrinkage. It appears from that
figure that shrinkage decreases on adding GBFS waste to the
extent that an increase in dimensions can be observed in
samples containing more than 25% slag, as evidenced by the
negative values of shrinkage. It has been observed that the
highest firing shrinkage reached was at 1000 and 20% GBFS.
Increasing the addition of GBFS was the cause of greater
ultimate linear shrinkage which reached for the presence of
greater amounts of CaO that decreased viscosity of glassy
phase, the release of CO2 from pores became easier and
greater sintering was achieved [32].'is result complies with
that obtained by Ozdemir and Yilmaz, who studied the effect
of replacing blast furnace slag with clay [33]. 'e effect of
releasing gases will be explained in terms of porosity changes
in the water absorption and porosity.

3.2.3. Bulk Density. 'e dependence of the bulk density on
the sintering temperature and percentage slag addition is
plotted in Figure 6. 'e bulk density was increased by in-
creasing temperature and slag replacement by up to 20%.
'e densification was improved with the additives due to the
formation of glassy phases in grain boundaries, which causes
viscosity reduction and faster particle growth, leading to
greater crystals. 'e values of bulk density were less than
those obtained by many preceding studies [32, 34, 35].

3.2.4. Water Absorption and Porosity. Figures 7–9 display
the effect of percent GBFS used on cold water absorption
(CWA), boiling water absorption (BWA), and Saturation
Coefficient (SC), respectively. Firing at 900°C is not asso-
ciated with much sintering, which results in the presence of
large pores that impart to the samples a high saturation
coefficient. As the firing temperature is increased, the pore
sizes decrease, followed by a decrease in saturation coeffi-
cient. 'is is since an increase in temperature reduces the
viscosity of slag as its softening temperature usually ranges
from 1030°C to 1200°C [36]. 'is facilitates its flow into the
pores, causing a corresponding decrease in pore size. 'e
maximum value of saturation coefficient of 0.87, as regulated
by ASTMC1167, appears only in samples containing 20% or
30% slag fired to 1000 or 1100°C.

On the other hand, minimum cold water absorption of
11.6% is achieved at about 20% addition for samples fired at
1100°C. A maximum percent cold water absorption of 13% as
stipulated by ASTM C 1167, a condition fulfilled by samples
containing between 15% and 25% GBFS and fired at 1000°C
and 1100°C, which is comparable to the results obtained by

Ozdemir and Yilmaz [33]. Any further increase in GBFS
content over 20% has the effect of causing bloating of the
samples, resulting in warping and the formation of surface
cracks that increase water absorption. 'is is believed due to
the expansion of pores following dehydroxylation of kaolinite.
Aside from the decomposition of calcium carbonate formed
by the slaking of free lime in slag, trapped gases in pores tend
to expand. 'is expansion in dimensions accompanying
warping is greatly facilitated by the increase in liquid phase
content and explains the negative values of linear firing
shrinkage observed in Figure 5 as the percent slag exceeds
20%.'eminimum figure obtained for cold water absorption
for samples fired at 1100°C (11.6%) is lower than that obtained
by Ahmed et al. [16] on incorporating 40% aluminium slag in
roof tile mixes (12.8%) and that of Kallas et al. [13] on adding
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15% nickel slag (21%). While the values of saturation coef-
ficient obtained in the present work for samples containing
20% GBFS fired at 1000 or 1100°C dropped to values lower
than the maximum value of 0.87 [20], the corresponding
values for aluminium slag were 0.95 and 0.88, respectively
[16]. 'e present values of water absorption are, however,
higher than those obtained by Kim et al. [19] by using 15%
ferronickel slag and firing at 1125°C (6.03%). It is believed that
the addition of 5.5% magnesium aluminium silicate to this
mix has contributed to lowering the porosity by promoting
the formation of a liquid phase.

'e formation of the liquid phase is illustrated in Fig-
ure 10, in which two specimens fired at 1100°C and con-
taining 20% and 30% GBFS, respectively, are pictured. Also,

Figure 11 shows the SEM micrographs obtained for speci-
mens containing 20% and 30% GBFS fired at 1100°C. As can
be seen from this figure, the specimen containing 20% GBFS
displays limited liquid phase formation, while the specimen
with 30% GBFS shows the formation of large amounts of the
liquid phase. 'is explains the increase in dimensions ob-
served in Figure 3 due to bloating. 'is has the effect of
causing warping and the appearance of cracks, as illustrated
in Figure 10.

'e fact that an increase in GBFS content from 20% to
30% causes an increase in liquid phase formation can be
explained according to the SiO2-Al2O3-CaO diagram shown
in Figure 12. Upon firing, clay and GBFS lose their chemical
water, as evidenced by the Loss on Ignition revealed in Table 1.
'erefore, the percent of all oxides appearing in that table can
be reduced to an ignition-free basis upon firing. Moreover,
after this reduction, the percentages of the three oxides (SiO2-
Al2O3-CaO) will exceed 90%. As a first approximation, their
composition can be reduced to a total of 100% by multiplying
their percentages by 10/9. 'is way, the 20% and 30% mix-
tures will be represented on that diagram by points A and B,
respectively. On that diagram, the initial melting points of the
two compositions will be 1550°C and 1170°C, respectively,
while the final melting points will be 1710°C and 1515°C,
respectively. 'is reveals the effect of increasing the percent
GBFS on the melting behaviour of the two mixes, as the
second one will melt at a lower temperature than the first. It
should be noted that the presence of other fluxing oxides such
as K2O, Na2O, and Fe2O3 in the mixes will result in lowering
the above-mentioned figures for temperatures.

'e effect of waste addition on apparent porosity is
displayed in Figure 13 and follows, as expected, the same
trend of water absorption. 'e apparent porosity decreases
with increasing GBFS till reaching 20%, with an apparent
porosity of 21.3% at 1000°C and 19.6% at 1100°C. 'en,
above 20%, apparent porosity increases due to expansion of
pores as a result of dehydroxylation of kaolinite besides the
decomposition of calcium carbonate. On the other hand, it
was possible to calculate the total porosity using equation (4)
and deduce the closed porosity by subtracting the apparent
porosity from its values. Figure 14 shows the variation of
total and closed porosities for samples fired at 1000°C. It
appears from this figure that there is an appreciable increase
in closed porosity following sintering and vitrification as the
slag level exceeds 20%, particularly for samples fired at 1000
or 1000°C.

3.2.5. Freeze-3awing Resistance. Samples containing dif-
ferent percentages of GBFS fired at 1000°C were tested for
freezing-thawing resistance. Table 2indicates the number of
cycles after which cracks started to appear on the samples.
Since a sample is considered to have passed the test if no
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Table 2: Effect of percent GBFS on number of freezing–thawing
cycles with No cracks.

GBFS% 0 10 15 20 25 30
No of cycles before appearance of cracks 50 50 50 50 46 33
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cracks appear after 50 cycles, it can be concluded that the
maximum percent GBFS addition without freeze-thawing
failure is 20%.

3.2.6. Mechanical Properties. Figure 15 illustrates the effect
of GBFS substitution for clay on the transverse breaking
strength. 'e dotted line in the figure corresponds to the
minimum value of 1334°N required by the standard ASTM
C1167-03. As shown, except for some samples fired at 900°C,
this value is largely exceeded on firing at 1000°C and 1100°C.
Reached 5050°N and 7000°N, respectively, for samples
containing 20% GBFS, which is much higher than that
obtained by replacing aluminium slag with the same type of
clay [16]. However, it appears from the results obtained at
these two firing temperatures that a drop in strength takes
place as the percent slag content exceeds 20%. 'is is
presumably due to crack formation and an increase in total
porosity, as can be seen in Figure 13. 'ese values are lower

than those obtained by Kim et al. [19] for samples containing
15% ferronickel slag and 5.5% aluminium magnesium sili-
cate fired at 1125°C (12100°N). In any case, the minimum
required breaking strength is largely exceeded, and it is
believed that the production economics of roof tiles using
the additions made by Kim et al. [19] may not be viable. 'is
is since aluminium magnesium silicate has to be prepared
synthetically and therefore cannot be regarded as cheap
waste.

As observed from Figure 16, the curves of MOR follow a
more or less similar pattern, producing maximum values of
MOR of 11.3MPa for samples containing 20% GBFS fired at
1000°C and 15.4Mpa for samples containing 15% slag fired
at 1100°C. A comparison of MOR values with those obtained
by Kallas et al. [13] and Ahmed et al. [16] who used nickel
and aluminium slags respectively in the preparation of roof
tiles shows that maximum MORs of 7.2 and 10.2Mpa were
obtained using 22% nickel slag and 40% aluminium slag,
respectively, firing being carried out in both cases at 1100°C.

Liquid Pores

(a)

Liquid Pores

and (b)

Figure 11: Sem micrographs for specimens fired at 1000°C containing (a) 20% GBFS and (b) 30% GBFS.

(a) (b)

Figure 10: Specimens fired at 1000°C and containing different percentages of GBFS. (a) 20% slag; (b) 30% slag.
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Figure 12: 'e SiO2-Al2O3-CaO phase diagram [37].
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Figure 13: Effect of GBFS addition on apparent porosity.
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Table 3: Comparison between the properties of the suggested sample and standard values.

Property 20% BFGS fired at 1000°C 20% BFGS fired at 1100°C Standard values
Cold water absorption % 12.40 11.62 13
Saturation coefficient 0.82 0.75 0.86
Breaking Strength, N 5040 6950 1330
50 thawing-freezing cycles Passes Na∗ Passes
∗Freeze-thawing tests were not carried out for samples fired at 1100°C, although they would have almost certainly passed the test because of their superior
properties over those fired at 1000°C.
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4. Conclusion

'e use of Blast Furnace Granulated Slag (BFGS) in the
preparation of clay roof tiles was investigated by replacing
the original mix with slag in percentages reaching 30%. 'e
clay-waste mixes were formed by moulding, followed by
drying and subsequent firing at three different temperatures,
namely, 900°C, 1000°C, and 1100°C, for one hour.

An increase in the level of substitution of waste slag for
clay resulted in a decrease in firing shrinkage so that samples
containing more than 20% slag displayed an increase in
volume, presumably due to bloating owing to excessive
liquid phase formation and the expansion of trapped gases in
pores. 'is has also caused cold water absorption to increase
as the percent BFGS addition exceeds 20%. Samples fired at
1000°C and 1100°C containing 20% BFGS displayed a cold
water absorption and a saturation coefficient below the
maximum allowed values following ASTM C1167-03.

All samples fired at 1000°C and 1100°C with percent
BFGS varying from 0% to 30% showed a transversal breaking
strength exceeding the minimum standard value of 1330°N.
Also, samples containing up to 20% BFGS fired at 1000°C
successfully passed the freeze-thawing test, developing no
cracks or fissures after 50 cycles.

A comparison between the properties of samples con-
taining 20% BFGS and fired at 1000°C and 1100°C with the
corresponding values for ASTM C1167-03 for normal duty
roof tiles (grade 3) is summarized in Table 3.

To conclude, roof tiles can be manufactured with a
standard clay mix (80%) and BFGS (20%) firing at 1000°C,
with the produced tiles abiding by ASTM 1167-03 standards.
'e choice of a firing temperature of 1000°C rather than
1100°C is for obvious economic reasons.
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