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A design of experiments methodology was carried out for the development of a construction ceramic material using electric
arc furnace slag (EAFS) and other metallurgical wastes such as aluminum dross (AD) and green moulding sand (GMS).
The factors evaluated were %wt. of bentonite, ratio EAFS/AD, fineness index of raw materials (AFS number), sintering
temperature and sintering time. The specimens were sintered and subsequently their compressive strength was evaluated. It
was determined that sintering temperature, AFS number and EAFS/AD ratio had the greatest impact on the compressive
strength. The best conditions to achieve strengths for use of this material as brick, (10.3 MPa), were high temperatures
of sintering, fine particle size, high ratio EAFS/AD, low contents of bentonite and short sintering times. Following these
conditions, compressive strengths >21 MPa were achieved. Therefore, it is feasible the use of EAFS-AD mixture as a partial
substitute for the elaboration of structural bricks with a superior compressive strength.
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Introduction pyrometallurgical and hydrometallurgical methods have
been investigated to convert the AD in industrially
One of the processes that generates a significant applicable products [8, 9]. In the manufacture of metal
amount of industrial waste is the steel manufacturing, parts by casting, the sand is the most used material for the
where the largest percentage (70-80 wt.%) corresponds elaboration of molds [10, 11]. Once the molten metal has
to electric arc furnace slag (EAFS) [1-4]. The general been poured into the mold and solidified, the sand mold
composition of EAFS is: FeO (10-40 wt.%), CaO (22- is destroyed to extract the piece, thus generating a waste
60 wt.%), SiO, (6-34 wt.%), ALOs, (3-14 wt.%), MgO with variable size and specific physical characteristics
(3-13 wt.%) [1, 5]. Because the composition of these [12]. Foundry waste can be recycled or reused in several
materials is based in oxides with specific physical and ways, in foundry manufacturing itself or in different
chemical properties [3-4, 6], it makes them a promissory industrial processes [13-15].
raw material for elaboration of refractory materials. Bricks are one of the main structural ceramic material
For a long time, ceramic and construction industries used for different purposes, including building, facing,
have investigated potential use of EAFS for different floor making, and paving [16, 17]. Clays used for
applications [3-4, 6]. brick manufacturing are composed mainly of silica
On the other hand, the aluminum primary manufacturing (grains of sand), alumina, lime, iron, manganese, sulfur
process is another source of atmospheric pollution, since and phosphates. Bricks are manufactured by grinding
the minerals, concentrates and other materials that are the clay in mills and mixing it with water to make it

used contain AlOs, Si0,, Fe,0s5, MgO, SO;, Ca0, TiO,, plastic [16]. The plastic clay is then molded, textured,
and Na,O [7-9]. The waste aluminium dross (AD) is dried, and finally fired [16, 17]. The characteristics that

very hazard to eco-system [7, 9] and therefore, it is building bricks must fulfill for construction standards

necessary to found alternatives for their confinement in are: homogeneity in their mass, absence of cracks

order to reduce the pollution caused by it [9]. Recently, and defects, regularity in their shape as well as in the
dimensions, enough strength to withstand heavy flexural

*Corresponding author: and compressive loads and a uniform coloration.
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or more independent variables [18, 19]. By observing
the response collected from a matrix of experiments, a
statistically valid mathematical model can be determined.
In particular, factorial analysis is a methodology with
several advantages by comparing it to a design wherein
only vary the levels of a single factor. By other hand,
response surface methodology (RSM) is a collection of
mathematical and statistical techniques that are useful for
modeling and analysis of applications where a response
of interest is influenced by several variables and the
objective is to optimize this response [18, 19]. Therefore,
in the present research it is proposed to carry out a
systematic study with a DOE methodology to develop a
new ceramic material (construction material) considering
industrial waste coming from metallurgical processes.

Materials and Methods

The chemical composition of EAFS was determined
by means of X-ray Fluorescence (XRF). Characterization
of the EAFS was carried out using Scanning Electron
Microscopy (SEM) and X-ray Diffraction (XRD)
techniques. In the first case, a JEOL model 6610LV
SEM operated at 20kV and coupled with an Oxford
X-ray energy dispersion spectrometer (EDS) was used to
perform chemical microanalysis. XRD experiments were
performed in a Bruker D8 Advance diffractometer using
a copper X-ray tube with a wavelength (A) of 1.5406
A, employing 30 kV and a current of 40 mA. The scan
range was between 20° and 100° with a step size of
0.0170°.

In order to design a new construction ceramic material
using different metallurgical industrial wastes it was
decided to use the factorial DOE methodology. The
experimental design use five factors with two levels;
therefore, it is a 2° design. Factors and levels used in
the experiments are described in Table 1.

For the bentonite, it was taken values of 5 and 10
wt.% for the low and high level, respectively, considering
typical values used in molding process (8 wt.%). Two
fineness index were chosen 120 AFS (fine) and 60 AFS
(coarse), which are above and below of the conventional
ones used in the industry. In order to obtain these
fineness indexes, a dry grinding process was carried
out for each one of the raw materials using a ball mill
and a subsequent particle size classification process. For

Table 1. Factors and levels in full factorial DOE for
manufacturing parameters of construction material.

Factors Low level  High level
Bentonite content 5 wt.% 10 wt.%
Fineness index of raw materials 60 (AFS) 120 (AFS)
Ratio EAFS/AD 0.66 2.33
Sintering temperature 900 °C 1200 °C
Sintering time 1h 4h

the DOE, it was established to use 50 wt.% of foundry
sand due to its high silica content and the other 50 wt.%
consisted of a mix of EAFS/AD varying the ratio at each
level. For EAFS/AD ratio, it was decided to use, based on
works carried out previously [20, 21], values of 0.66 (20
wt.% EAFS-30 wt.%AD) and 2.33 (35 wt.%EAFS-15
wt.%AD) as a low and high levels, respectively. Finally,
the sintering conditions were selected taking into account
previous works [21-23].

The wastes mixing process was carried in a sand
mixer equipment. Subsequently, bentonite and 10 wt.%
of water were added and mixing for 10 min. Cylindrical
specimens of 5 cm in diameter by 20 cm in length were
manufactured from the mixture. In order to evaluate the
properties of mixtures, green bond strength, permeability
and stability tests were carried out. A new set of
cylindrical specimens were manufactured and dried at
120 °C during 12 h and then they were sintered in a gas
furnace using sintering parameters described in Table 1.
Compression strength of sintered specimens were carried
out on a universal tension machine Shimadzu model AG-
I, with a capacity of 100 kN. Three-compression tests
were done to obtain the average compressive strength.
Results of the factorial design were statistically analyzed
using an analysis of variance.

Results and Discussion

Characterization of EAFS

Because main objective of this study is to propose
alternative uses for EAFS, only characterization of this
raw material is presented. Table 2 shows elemental
chemical composition obtained from the electric arc
furnace slag sample; it is observed that the composition
is based mainly in oxides. This finding is consistent
with other studies [24, 25], however the amount of
ALO; determined in the present study was higher in
comparison with values reported in such studies [24,
25]. This is expected because in the majority of EAF
steelmaking process, it is used a high amount of recycled
steel, so its influence the chemical composition [3, 4].

Fig. 1 shows the results of the microstructural
characterization of the EAFS carried out using SEM. It
can be seen the presence of two types of contrast in the
particles with irregular morphologies, one light and the
other dark (letter A in Fig. 1a). For the identification of
the chemical elements present in the sample, an analysis
was made using EDS (see Fig. 1b). It was found that the
light particles were composed by elements such as Ca,
Fe and O, which implies a mixture of oxides, while the

Table 2. Chemical composition of electric arc furnace slag
(EAFS) obtained by XRF.

Si0, CaO MgO ALOs MnO  Fe

Composition

(WE%) 1248 2328 630 1632

594  25.02
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Fig. 1. a) SEM micrograph of EAFS sample at 50X. b) SEM-EDS spectrum obtained from particles of the EAFS sample.

Counts

Sample: Escoria

PDF 00-033-0302 Ca2 Si O4 Larnile, syn

PDF 01-077-7682 Fo O Wuestito, syn

POF 00-052-1140 Fe2.65 S10.03 O4 Iron Silkcon Cride

PDF 01-087-0244 Fa2 864 04 Magnetite, syn

PDF D0-011-0492 Mg5 Al4 011 15 H2 © Magnesium Aluminum Chade Hydrate
POF 01-088-6887 Ca2 AR Si O7 Gehlenite, syn

Fig. 2. XRD Diffractogram of the EAFS sample.

dark particles corresponded to graphite residues which
were attributed to the steelmaking process. From the
results in this characterization, it was established that
EAFS was composed predominantly by iron and calcium
oxides.

Fig. 2 presents the XRD diffractogram obtained from
EAFS sample. It was observed that the identification
of phases includes Larnite (CaSiOs), Wustite (FeO),
Iron silicate (Fe,o5Sio0sO4), Magnetite (Fe;O,), Hydrated
magnesium aluminum oxide (MgsALO;~15H,0) and
Gehlenite (Ca,ALSiO;). Some of these compounds were
found in a previous study carried out in slags produced
in steel fusion of by electric arc furnace [26], however
in that research, it was not observed the formation of all
class of compounds because it presence was influenced

by cooling rate and by specific primary steelmaking
process.

Samples evaluation before sintering

Once the green samples were manufactured, each
of the experimental trials was evaluated by tests of
permeability, stability and green bond strength, based
on AFS fineness index, amount of bentonite and
EAFS/AD ratio. For each parameters, an average of 16
measurements was obtained.

Permeability: This property is a direct function of the
porosity in waste particles agglomerates, in addition to
the size distribution of sand particles [27]. In the results
of this property measurement (Fig. 3a), it is observed
that there is little effect on permeability of samples
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with respect to changes in percentage of bentonite
and EAFS/AD ratio. However, it can be observed that
AFS fineness index is the main variable affecting the
permeability value. This is because a smaller particle
size tend to reduce the space between them, causing a
decrease in porosity. In the opposite case, when particles
are bigger, it will not only increase porosity within the
specimens, but also increase the possibility that the pores
are connected, increasing the ability for a fluid to pass
through the specimen. These results were consistent with
a previously work [27].

Stability

This test evaluate effectiveness of particles agglome-
ration during their compaction, it is based on difference
in sample weight before and after the sample is subjected
to a mechanical vibratory process. In results of this
evaluation, which are presented in Fig. 3b, it was
observed that EAFS/AD ratio had the greatest effect,
probably due to the content of calcium oxides in slag,
which can improve the cohesion between all particles.
AFS fineness index also affects stability, but to a lesser
extent. This finding is correlated with a minor porosity
in the specimens [28]. In the same way, it was observed
that a high amount of bentonite improves stability.

Green Bond Strength

This property refers to compaction strength of a non-
sintered material [29]. It can be seen in Fig. 3c that the
EAFS/AD ratio did not affect this property, in spite of

250
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what occurred the AFS fineness index and the amount of
bentonite. Higher fineness helps to increase green bond
strength values since particles have a greater surface area
per unit volume, which implies a smaller particle size
and therefore a decrease in the porosity [30]. Bentonite
has the property of swelling when it is mixed with water,
which promotes a greater cohesion between particles,
making the material more resistant besides to preventing
material from losing its shape. Therefore, the greatest
green bond strength was for higher amount of bentonite.

Samples evaluation after sintering

Specimens after drying and sintering were evaluated
by compression tests. In Table 3, which shows results
of this evaluation, it can be seen that the DOE allowed
to fully evaluate influence of all variables studied,
resulting in compressive strength values ranging from
0.2 to approximately 21 MPa. This range of values
corroborated importance of DOE for the design of
processing parameters for a new construction material,
since it provides a clear idea of which variables are
important to maximize compression strength. It is
noteworthy that, although most of compression strength
values were low, four experiments (highlighted in blue),
resulted in attractive values from the point of view of
minimum requirements for building bricks which are
specified in the ASTM C-62-12 standard (>10.3 MPa)
[31].

= Fineness index of raw materials
= Bentonite content
= Ratio EAFS/AD

20 18.92

17.05

Weight loss percentage (%)

LOW LEVEL HIGH LEVEL

uFi index of raw

= Bentonite content
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1.0 095
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0.8 0.78

0.4

Green bond strength (kglcm?)
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Fig. 3. Results of the influence of green fineness index of raw materials, bentonite content and ratio EAFS/AD in the green specimen
fabrication parameters. a) Permeability, b) Stability and c) Green bond strength.
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Table 3. Average compressive strength values for experimental trials carried out in the sintered specimens.

Fineness index . . S Sintering .
Trial of raw materials Bentonite Ratio Sintering time Average compressive
content (%) EAFS/AD temperature (°C) strength (Mpa)
(AFS) (h)
1 120 5 0.66 900 1 0.96 + 0.37
2 120 5 0.66 900 4 0.49 + 0.14
3 120 5 0.66 1200 1 5.41 + 0.66
4 120 5 0.66 1200 4 21.35 £ 2.01
5 120 5 2.33 900 1 0.58 + 0.46
6 120 5 2.33 900 4 0.1 +0.05
7 120 5 2.33 1200 1 14.88 + 2.83
8 120 5 2.33 1200 4 547 +0.25
9 120 10 0.66 900 1 1.22 + 0.16
10 120 10 0.66 900 4 0.31 + 0.02
11 120 10 0.66 1200 1 20.16 + 4.4
12 120 10 0.66 1200 4 14.02 + 0.24
13 120 10 2.33 900 1 0.31 + 0.04
14 120 10 2.33 900 4 0.23 + 0.03
15 120 10 2.33 1200 1 1.04 + 0.09
16 120 10 2.33 1200 4 6.84 + 1.19
17 60 5 0.66 900 1 0.20 + 0.03
18 60 5 0.66 900 4 0.18 + 0.01
19 60 5 0.66 1200 1 2.80 + 1.01
20 60 5 0.66 1200 4 6.57 + 0.83
21 60 5 2.33 900 1 0.23 + 0.01
22 60 5 2.33 900 4 0.24 + 0.06
23 60 5 2.33 1200 1 1.93 +0.28
24 60 5 2.33 1200 4 1.72 + 0.13
25 60 10 0.66 900 1 0.23 + 0.06
26 60 10 0.66 900 4 0.22 + 0.09
27 60 10 0.66 1200 1 390 + 1.64
28 60 10 0.66 1200 4 2.14 + 0.70
29 60 10 2.33 900 1 0.19 + 0.03
30 60 10 2.33 900 4 0.18 + 0.01
31 60 10 2.33 1200 1 1.83 +£0.32
32 60 10 2.33 1200 4 2.06 + 0.25

Fig. 4 shows data of Table 3 on which the study
variables are plotted according to their influence in
compressive strength of sintered samples. It is observed
that sintering time and bentonite content did not greatly
affect compressive strength. These results could be
convenient for the process from the economical point
of view, since less bentonite would be used besides of
saving energy during sintering when process time is
reduced. Regarding the AFS fineness number, we can
see that the smaller particle the more effective sintering
is, making specimens stronger.

Use of EAFS as a substitute material in the manufacture
of different products has been the object of interest in

various investigations [3, 4, 6]. In most of these, it
was shown that using less slag is better for mechanical
properties [6, 23, 24]. Results of present work agree
with the fact that smaller amounts of slag are beneficial,
especially if they are used together with recycled foundry
sand as well as aluminum dross as raw materials.
Despite being in low quantities, it was shown that EAFS
helped to obtain good results in compression testing,
achieving values that complied and even exceeded brick
manufacturing standards [31]. Sintering temperature is
a parameter widely studied in the resistance of ceramic
materials manufactured from this type of waste [6, 23,
24]. On these works, it was found that at temperatures
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Fig. 4. Results of the average compressive strength values of
sintered specimens as a function of the level in the study variables.

above 1100 °C, various oxides begin to melt on silica
matrix, making specimens more stable. Results shown in
Fig. 4, indicated that temperatures of 1200 °C, improved
mechanical strength of sintered specimens.

Statistical analysis of the sintered specimen evaluation
results

Results of the sintered specimen evaluation were
statistically analyzed to establish the best conditions to
manufacture bricks whose mechanical properties must
be at least comparable with corresponding specifications.
ANOVA analysis of results allows to obtain R
coefficients, which indicated the proportion of total
variability of results explained by the model; R,q*, which

represents same measurement adjusted for size of model
and R.i’, which indicated capacity of the full model to
explain the variability of new data. The values for R,
and R,d” were 95.62% and 93.36% respectively, which
means that each mathematical model exhibited a good
accuracy.

Fig. 5 and 6 present quantification of principal and
interaction effects on compressive strength. In both
figures, steeper the slope, greater the effect that a change
in the study factor have on compressive strength. In Fig.
5, a change in temperature from 900 °C to 1200 °C
represents an increase of eight units in strength value.
In the same way, it can be observed that an increase
in fineness of raw materials or a low value of EAFS/
AD ratio, generate an increment of six units. It can be
established that modifying both, amount of bentonite and
sintering time, it will not generate a significant change
in this mechanical property and therefore, low values
could be selected for both factors. The above findings
agree with results obtained in other investigations about
materials such as concrete and clayey ceramics used for
civil construction, where it was concluded that similar
temperature and EAFS/AD ratio, improved mechanical
properties because of better densification and higher
crystallinity [24, 32].

An interaction means that the impact of one factor on
the response value of the output variable, may depend
on the level at which another factor is found [18, 19].
Interaction between two factors is present if corresponding
individual lines intersect themselves. It was observed
that there was an interaction for compressive strength
between AFS number and sintering temperature, amount

Main Effects Plot for Compressive Strength (Mpa)
Data Means

Fineness index of raw material

Bentonite content

Ratio EAFS/AD
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Fig. 5. Main effects plot for compressive strength of sintered specimens as a function of the study factors.
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Interaction Plot for Compressive Strength (Mpa)
Data Means
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Fig. 6. Interaction effects plot for the compressive strength of sintered specimens as a function of the study factors.

of bentonite and EAFS/AD ratio, sintering temperature
and amount of bentonite, EAFS/AD ratio and sintering
temperature and finally between amount of bentonite
and sintering time. From Fig. 6 a greatest increase of
10 MPa is observed when a sintering temperature of
1200 °C is combined with a 120 AFS fineness or with
a low value of EAFS/AD ratio. The second interaction
in terms of importance was between EAFS/AD ratio and
AFS fineness, where an increase of 5 MPa is expected
when low EAFS/AD ratio is combined with a fine grain
size. The other combinations do not present important
interactions for this study. Considering above results, it
is concluded that fineness index, percentage of EAFS
and sintering temperature are of great importance for
strength of new potential bricks as has been mentioned
in previous investigations [28, 32, 33], however, few
studies have evaluated the interaction between these
factors.

From the statistical model obtained by the ANOVA
analysis, it is possible to calculate an optimal solution
that is useful as the starting point to explore how different
experimental settings affect the predicted responses
for factorial design. Specifically factor levels can be
adjust to search lower-cost input variable settings with
similar optimal properties, to explore the sensitivity of
response variables to changes in design variables and
to calculate predicted responses for an input variable
setting of interest [18, 19]. In Table 4 compressive
strength values prediction for bricks as a function of
specific design variables are presented. In general, for
all combinations, it is necessary high bentonite contents,
fine raw materials, high sintering temperatures and low
sintering times in order to obtain compressive strength
values greater than 10 MPa. However, it is possible to
use different EAFS/AD ratios only adjusting specific
values for the others variables with the possibility to

Table 4. Compressive strength values prediction for compressive strength of sintered specimens as a function of some specific

design variables combinations.

Bentonite content | Fineness index of raw Ratio Sintering Sintering Compressive strength of
(Wt.%) materials (AFS) EAFS/AD temperature (°C) time (h) prediction model (MPa)

5 120 2.33 1200 1 14.8

10 100 0.78 1200 1 13.8

10 100 1.0 1200 1 12.0

10 120 1.0 1100 1 11.1

10 120 1.5 1200 1 10.5
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Contour Plots of Compressive Strength (Mpa)

Compressive
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(B) Bentonite content 5 || < 5
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Fig. 7. Examples of calculated contour plots for the compressive strength values prediction for sintered specimens considering optimal

manufacturing conditions.

use also 35 wt.% of EAFS.

Possibility to determine which combination provides
best results or explore feasibility of possible changes
in the process parameters is a great advantage of using
statistical analysis [18, 19]. When at least two factors
are quantitative, a response surface can be adjusted
to various combinations of design factors. In general,
linear regression methods are used to fit these models
to experimental data; therefore, it is possible to build
contour plots for variables of interest. In these contours
plots, it is feasible to predict compressive strength values
when two factors are changed maintaining remaining
factors fixed.

In Fig. 7, there is an example of contour plot where
optimal values variables were fixed, it can be seen that
there is greater flexibility for manufacturing process of
a potential building material based in EAFS. There are
some combinations that would allow to obtain values
greater than 10 MPa and there may even be conditions
that generate values greater than 20 Mpa which would
represent a SW (Severe Weathering) quality according to
ASTM-C62-12 standard [31]. Finally, it is important to
note utility of contour plots to demonstrate effect of input
process parameters with output responses. For example
in Fig. 7, there is great flexibility to make changes that
promote specific compressive strength values with less
economic impact.

Based on the results, it is feasible to scale the research
to the next step, therefore is expected in subsequent work

to manufacture bricks with commercial shapes and sizes.
For this, it is planned to build an electric furnace for a
large-scale production of bricks. Likewise, acoustic and
thermal conductibility tests will be carried out, as well as
tests for resistance to corrosive environments, durability
against weathering and adhesion of coatings such as
paint. On the other hand, given the fact that the results
showed a higher compressive strength than conventional
construction bricks and the fact that the presence of
EAFS and AD probably increase the refractibility of the
bricks, it is expected to explore alternative uses of the
manufactured bricks for applications in the construction
of melting furnaces and/or heat treatment furnaces.

Finally, it is important to mention that currently the
working group is also exploring other alternatives for
the use of these types of metallurgical waste, such as its
use to partially replace mixtures to make foundry molds,
seeking to further reduce the environmental impact of
said waste.

Conclusions

In this work, a design of experiments (DOE) methodology
was used for development of a potential construction
ceramic material from three different metallurgical
wastes. The main conclusions are the following:

1. It was found, by employing DOE, the more suitable
contents of raw materials and sintered parameters for
manufacture promissory construction ceramic material



750 Mitsuo Ramos Azpeitia, Jose Luis Hernandez Rivera and Jose de Jesus Cruz Rivera

with high resistance to weathering from a mixture of
electric arc furnace slag (EAFS), aluminum dross (AD)
and recycled molding sand.

2. It was feasible to use an 15 wt.% EAFS- 35 wt.%
AD mixture as a partial substitute raw material for
elaboration of a construction ceramic material with a
compressive resistance close to 20 MPa.

3. It was established that individual variables that
statically have greatest impact on compressive strength
was sintering temperature, number of AFS and EAFS/
AD ratio. Meanwhile, sintering time and bentonite
amount did not demonstrate a significant impact on
compressive strength.

4. It was determined that high sintering temperatures
(1200 °C), fine grain size for raw materials (120 AFS),
high EAFS/AD ratio, low bentonite content (5 wt.%)
and short sintering times (1 h), were enough conditions
to achieve compressive strengths above the minimum
requirements established in standard ASTM for the use
of bricks outdoors (>10.3 MPa).
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