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Abstract

The most large-scale foundry waste is burnt molding earth, which is formed at the stage of knocking out castings from
foundry molds. The properties of burnt molding earth (humidity, loss on ignition, elemental, phase, and grain composition)
were studied and the possibility of its regeneration was confirmed. It is shown that during mechanical regeneration, about
24 wt.% of the considered waste turns into a fine pulverized fraction, which cannot be returned to the technological process
and is sent to a landfill. On the basis of experimental studies, it has been established that this fraction of burnt molding earth
can be used in the production of ceramic bricks as a lean additive. The obtained samples of ceramic bricks containing 20
wt.% finely dispersed fraction of molding burnt earth at a firing temperature of 1000 °C for 60 min are characterized by the
following properties: average density 2020 kg/m>, water absorption 10.8%, compressive strength 39.8 MPa, and ultimate

strength in bending 12.67 MPa.
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Introduction

Waste recycling is a very relevant issue and complied with
the United Nations Sustainable Development Goal 12 which
is about responsible consumption and production, prior-
itizing waste recycling, and waste reduction via sustain-
able innovation processes. Currently, mechanical engineer-
ing is one of the most important sectors of the economy
in many countries. The largest specific share in the total
volume of machine-building production is the automotive
industry—54%. The electrical industry accounts for 16%;
heavy and power engineering—8%; chemical and oil engi-
neering—>5%; road and municipal engineering—2.5%; and
machine tool and instrument making—1.5% [1]. In all these
industries, the main place is occupied by metallurgical pro-
duction, which is a labor-intensive technological process.
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The main stages of metallurgical foundry production are:
metal smelting, mold making, casting metal into molds,
knocking blanks out of molds, and cleaning blanks. The
technological scheme of the foundry is shown in Fig. 1.

As can be seen from the scheme, in the foundry, such
wastes as burnt molding earth, iron-containing dust, and
metallurgical slags are generated. The most large-scale waste
is spent foundry sand (SFS). SFS or burnt molding earth is
formed when metal castings are knocked out of molds. In
Europe and the United States, respectively, the production of
SFS is reaching 9 and 12 million metric tons per year, with
disposal costs ranging from $135 to $657 million [2]. It is
disposed of in landfills, although doing so puts the environ-
ment in danger and is not financially viable [3, 4]. Accord-
ing to the literature data, burnt molding earth consists of
90-95% quartz sand [5].

Currently, in most enterprises, SES is subjected to regen-
eration in order to return it to the technological process at the
stage of casting molds. Mechanical regeneration is usually
used as the simplest and cheapest way. However, in this case,
a finely dispersed fraction is formed, which cannot be reused
for the manufacture of casting molds and is transported to
a landfill. The search for the best ways to dispose of SFS is
still relevant. The use of wastes in the production of build-
ing materials is widely known: wood fiber and milled glass
[6], walnut shell waste [7, 8], waste lime mud [9, 10], paper
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Fig. 1 Technological scheme of foundry production

Iron-containing
dust

industry slag [11], water treatment sediments and spent sulfu-
ric acid [12-14], paper waste [15], spend aluminum and rice
husk [16], bamboo-fiber [17] and kenaf fiber [18], wig fiber
[19], galvanic wastes [20-24], electric arc furnace dust [25],
municipal sewage sludge [26], and mining wastes [27-29].
The latest published results consider the use of SFS in the
production of cement [30, 31], ceramic materials [32, 33], and
road construction [34, 35].

Among the production of ceramic materials, one of the
promising options is the use of SFS instead of sand in the
production of ceramic bricks [36]. However, when analyzing
publications on the use of SFS in the production of ceramic
bricks, we did not find publications and a wide range of basic
parameters of bricks obtained by replacing sand with SFS.
The formulations mentioned in the publications contain SFS in
combination with other additives. At the same time, it should
be said that the reuse of SFS to obtain molds is used after
regeneration, including grinding and magnetic separation.
However, this produces a significant amount of SFS fines,
which cannot be used to produce injection molds as required.

The purpose of this work is to develop the most rational
method for processing the fine pulverized fraction of the
molding SFS.

Materials and methods
Materials and reagents

Based on an analytical review of published research, it is pro-
posed to use a finely dispersed fraction of the molding SFS in

the production of ceramic bricks. To study the possibility of
obtaining ceramic bricks using SFS, prototypes were obtained
in the work. Clay, quartz sand, and burnt molding earth were
used for synthesis. Clay was characterized by the follow-
ing composition (in terms of oxides, wt.%): Si0,—50.44,
Al,0,—17.69, TiO,—0.92, Fe,0;,—7.45, CaO—5.47,
Mg0—2.90, K,O —4.49, Na,0—0.68, loss on ignition—9.96.

Grinding of SFS was carried out on a planetary mill
PM100-RETSCH. It was found that in this case about 24 wt.%
fine dispersed fraction, the particles of which are characterized
by a grain size of less than 190 um. This fraction cannot be
returned to the technological process for the manufacture of
casting molds.

Samples synthesis

Experimental samples of ceramic bricks were molded in a
plastic way, followed by drying at a temperature of 105 °C
and firing with isothermal exposure at a temperature of
850-1100 °C for a 30-120 min. The compositions of the stud-
ied samples are presented in Table 1.

Samples analysis

X-ray phase analysis of the obtained samples was carried out on
a D8 Advance X-ray diffractometer (Bruker AXS, Germany).
The elemental composition and morphology of the burnt mold-
ing earth and obtained bricks samples were carried out on a
JSM-5610 LV scanning electron microscope (JEOL, Japan).

Waste moisture content was determined in accordance with
GOST 29234.5-91 “Moulding sands. Moisture Determination
Method" by reducing the mass of the sample after drying in
an oven at a temperature of 105-110 °C to constant weight.
The mass fraction of moisture in percent (W) was calculated
by the equation:

w="17"2 009
= ml 0, (1)

where m;—the weight of the sample of SFS before drying,
g; m,—weight of the SFS sample after drying, g.
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Loss on ignition was determined in accordance with
GOST 29234.13-91 “Moulding sands. Method for deter-
mining the loss of mass on ignition” by reducing the mass
of a sample upon ignition at a temperature of 1000 °C to
constant mass. Mass fraction of weight loss on ignition (LI)
was calculated by the equation:

my—m,

Ll = ——=100%,
— @)

where m;—mass of the crucible with a sample before cal-
cination, g; my,—mass of the crucible with a sample after
calcination, g; m—sample weight, g.

To study the grain composition of sand, sieve analysis
was used according to GOST 29234.3-91 “Moulding sands.
Method for determining the average grain size and uniform-
ity coefficient”. Before testing, the sieves are stacked on top
of each other in order of increasing sieve number from bot-
tom to top. A bowl is provided at the bottom of the set of
sieves. A set of sieves is installed on a special device, which,
using an eccentric mechanism, shakes a stack of sieves in a
horizontal plane with a frequency of 300 vibrations per min-
ute. After sifting the sand for 15 min, the sieves are removed
from the device and the remaining sand is weighed on each
sieve and in the basin. The totality of the grains remaining
on each sieve constitutes a separate fraction with particle
sizes within the holes of the superior and this sieve.

The grain composition of sand is characterized by the
average grain size, uniformity coefficient and specific sur-
face area of the grains. The average grain size and uniform-
ity coefficient are calculated from the results of sand sam-
ple sifting and the quantitative distribution of particles over
sieves. The mass fraction of the residue on the sieve X is
calculated by the following formula, %:

L

X; = (m; x 100) /100, 3)

where i—sieve serial number; m—sieve residue weight, g;
m—initial weight, g.

Next, build an integral curve on a logarithmic scale. To
do this, the size of the sides of the cells of the grid d, is plot-
ted on the abscissa axis on a logarithmic scale, and on the
ordinate axis on a linear scale—the percentage of the mass
of particles with a size less than d;.

The average grain size d,, corresponds to the boundary
that divides the distribution of particles into two equal parts,
i.e., characterizes the size of an imaginary sieve through
which exactly 50% of the sand base would pass.

To determine the coefficient of uniformity from the inte-
gral curve, the percentage of particles smaller than 4/3-d,,

@ Springer

and 2/3-d,, is found. The homogeneity coefficient is equal
to the difference between these values.

The specific surface area (Sp) was determined by the cal-
culation method according to the equation [37]:

mi

Sp = 22.64 =% @)
m

where i—sieve serial number; m;—mass of individual sand
fractions, g; m—mass of sand sample, g; 5,—characteristic
grain size on a sieve, mm.

The characteristic grain size (8) of each fraction was calcu-
lated by the equation:

i

6= (d+d,)/2, 5)

where d—sieve mesh size, mm; d,—mesh size of adjacent
sieve above, mm.

The linear shrinkage of the samples was determined by
measuring specially applied marks (marks 4 cm long) before
and after heat treatment with a vernier caliper with an accuracy
of +0.01 mm in accordance with ASTM C326-03.

Linear shrinkage LS (%) was determined by the following

Eq. (6):

Ly—L-100
P (6)

LS =
where L,—Ilabel initial size, mm; L—final label size, mm.
Apparent density was calculated by Eq. (7) (ASTM C373):

=y @)

where p—apparent density, g/cm?; m—mass of fired bricks,
g; V—fired brick volume, cm’.

Water absorption (B) was determined by Eq. (8) according
to UNE-EN 772-11:

m—m,;
B=

x 100%. (8)

The compressive strength of bricks (R) was determined in
accordance with GOST 530-2019 and UNE-EN 772-1 using
the Eq. (9):

R=—,

= ©
where P—the maximum load established during the test of
the sample, N; F — cross-sectional area of the sample, cal-
culated as the arithmetic mean of the areas of its upper and

lower surfaces, mm>.
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Three samples in parallel were tested for each condition.

Results and discussion
Analysis of SFS

To select the most rational way of processing SFS, at the
first stage, its properties were determined: moisture content,
loss on ignition, elemental, phase and grain composition. It
was found that the moisture content of SFS was 1.00-0.89%.
Loss on ignition for SFS was 0.11-0.13%. It was also found
that when calcined, the color of the SFS changes from
gray—black to red—brown, which is associated with the con-
tent of iron in the SFS, when calcined, turns into iron oxide
Fe,0;. The elemental composition of the studied foundry
waste is presented in Table 2.

As can be seen from Table 2, the main elements of the
SFS are Si and O; Al and Fe are also present in a noticeable
amount. The study of the phase composition of SFS showed
that in both cases the main phase is quartz — SiO, (Fig. 2a)
with a hexagonal structure with space groups P3221 and
characteristic peak (101) at 26.64 2theta. Characteristic
peaks of other phases like hematite were also found.

In the study of the grain composition of SFS, param-
eters such as the average grain size, homogeneity coeffi-
cient, and specific surface area were determined. To deter-
mine the grain composition, sieves with a hole diameter of
3 mm were used; 2 mm; 1 mm; 0.5 mm; 0.25 mm; 0.1 mm;
0.063 mm (Table 3).

As can be seen from the integral particle distribution
curve, d,, was 0.35 mm. To determine the homogeneity
coefficient, the integral curve was used to find the percent-
age of particles smaller than 4/3-d,, (0.35 X 4/3=0.47)
and 2/3-d,, (0.35 x 2/3=0.24) in size. As can be seen
from Fig. 2, the proportion of the mass of particles with
a size smaller than the sides of a sieve cell 4/3-d,, was
77%, and with a size smaller than the sides of a sieve cell
2/3-d,,—15%. The homogeneity coefficient is equal to the
difference between these values 62%.

15158
Sp = 22,6428 _
P 500

68.63cm?/g.

Data on grain composition also correlate with particle
sizes shown in SEM images (Fig. 2¢).

Thus, the elemental and phase composition of the mold-
ing burnt earth confirm the possibility of its return to the
technological process for the preparation of the molding
sand for foundry molds after the removal of iron impuri-
ties, which is proposed to be carried out using electromag-
netic separation. However, according to the granulometric
composition, the burnt molding earth does not meet the
requirements for it. Currently, operating enterprises for the
manufacture of molding sands use medium sands of group
02 with a grain size of 190-230 pm with a specific surface
area of at least 100 cmzlg. Therefore, to return the burnt
molding earth to the technical process, it is necessary to
grind it. When grinding, the binder films are also removed
from quartz sand grains due to mechanical grinding of the
mixture. The binder films are destroyed with the formation
of dust, which is removed by dust extraction systems.

Table 2 Elemental composition

Si (0] Al Fe M Ca K Mn
of burnt molding earth, wt.% £
55.2+5.7 344437 3.9+0.7 3.0+0.6 1.7+£0.3 1.0+£0 0.6+0.3 0.2+0.2
1.21o‘a . . . . T . 100b..... s 70
] 1-si0, I
= J 60
1 [ 2-Fe,0 ] L
110 203 sl
L J 50
—~ 8000 )
3: [ é 60 - 40 ED;:
- 2 %
2 6000 - 1 £ q 30 3
(2] = =
§ i g 40 155 %
= 4000 :- - - 3 &\
g R R J10
2000 F 7 Sg.s £ _ = 88 ] 2
e SR ARE BT RS e R ST I
10 20 30 40 50 60 70 80 0 0.5 1 15 2 25 3
2theta (degrees) Size (mm)

Fig.2 X-ray diffractogram (a), integral particle distribution curve (b), and SEM image of the sample of burnt molding earth (c)
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Table 3 Experimental data to determine the average grain size and coefficient homogeneity of finely dispersed fraction SFS

Size of the side of the
sieve cell, d, mm

Sieve index Fraction size, §, mm

The fraction of the mass of particles with a

Residue on the sieve
_— size smaller than the sides of the sieve cell,

g % %
3 3 - 0 0 100
2 2 2.5 (2-3) 7.89 1.58 98.42
1 1.5 (1-2) 10.68 2.14 96.28
05 0.5 0.75 (0.5-1) 64.4 12.88 83.40
025 0.25 0.375 (0.25-0.5) 317.17 63.43 19.97
01 0.1 0,175 (0.1-0.25) 98.13 19.63 0.34
0063 0.063 0.0825 (0.065-0.1) 1.30 0.26 0.08
Residue - (<0.063) 0.43 0.08 0
Total 500 100 -

In the work, the grinding of SES after its electromagnetic
separation was carried out on a planetary mill. It was found
that this produces about 24 wt.% finely dispersed fraction,
the particles of which are characterized by a grain size of
less than 190 pm. This fraction cannot be returned to the
technological process for the manufacture of casting molds.

Analysis of obtained samples

The compositions of the samples and their properties are
presented in Table 3.

The structure of test samples containing different amounts
of finely dispersed fraction of burnt molding earth was stud-
ied using scanning microscopy (Fig. 3). The structure of all
prototypes of ceramic bricks is characterized by a uniform
distribution of pores, which ensures their high physical and

a

L

x1p008 BE\BBK_é 33, - 9B
- -

r &
Zory

mechanical properties. In addition, samples containing 20
wt.% of the finely dispersed fraction of the molding burnt
earth have a denser structure, which is also confirmed by their
lower water absorption—10.78% (Table 4). However, from
Table 4 it can be seen that with an increase in the content of
the fine fraction of the molding burnt earth, the properties of
ceramic bricks change slightly. Therefore, it is proposed to
use 20 wt.% of the finely dispersed fraction of the burnt mold-
ing earth, i.e., completely replace the quartz sand with waste.
This will recycle the largest amount of waste and save natural
raw materials. Linear shrinkage, which were between 6.3 and
7.5%, decrease as SFS content increases. However, the linear
shrinkage of ceramic brick containing 20 wt.% of SFS was
larger than that of ceramic brick containing 15 wt.% of SFS
(6.6% versus 6.3%, respectively). The obtained samples' water
absorption ranges from 10.78 to 12.31 wt.%. Additionally,

Fig. 3 Structure of ceramic bricks samples: 0% SFS (a); 5% SFS (b); 10% SFS (c); 15% SFS (d); 20% SFS (e)
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Table 4 Properties of ceramic bricks samples
Composition, wt.% Shrinkage, % Density, kg/m? Water absorp- Compressive Bending
- - tion, % strength, MPa strength,
Clay Quartz sand Fine-dispersed frac- MPa
tion of SFS
80 20 - 7.0 2100 11.85 42.35 13.25
80 15 5 7.5 1990 12.31 39.15 12.52
80 10 10 6.9 2050 11.79 39.96 12.45
80 5 15 6.3 1980 11.17 40.12 13.14
80 - 20 6.6 2020 10.78 39.80 12.67
Tab!e 5 P ropcrt.ies of samp]es Maximum firing tem-  Average density, =~ Water absorp- Compressive Comments
at different maximum firing perature, °C kg/m? tion, % strength, MPa
temperature
850 1810 15.6 17.3 Underburn
900 1850 13.2 24.6 Without defects
950 1990 11.9 31.1 Without defects
1000 2020 10.8 39.8 Without defects
1050 2040 10.7 40.1 Without defects
1100 - - - Deformation of
samples (over-
burning)
water absorption reduces as the SFS level raises. According —B— Average density, kg/m?
to UNE-EN 772-11, the water absorption of standard products : \(/)V:rtr?grzts):i?/':tsl?rr;n?th, -
must be at least 6.0 weight percent, and for front products, it 2080 |16 F 4o
must be between 6.0 and 14.0 weight percent. All brick sam- i o
ples that were received meet UNE-EN 772-1 requirements 2000 -
and are suitable for use as standard products. The range of 14 1 35T g
the compressive strength was in a range 39.15-42.35 MPa 1950 L
and bending strength 12.45-13.25 MPa. As the SFS content 30t
rises, the strength values drop. Each sample that was received 1900 | 12
satisfies the standard's strength requirements. 25}
The final stage in the production of ceramic bricks is 1850 |- .
firing, which affects the quality of the resulting products. L
Therefore, further studies were carried out to determine the 1800 |-
firing mode of ceramic bricks containing 80 wt.% clay and T T T T T
750 800 850 900 950 1000 1050

20 wt.% finely dispersed fraction of SFS.

To select the maximum firing temperature, heat treat-
ment of prototypes was carried out at temperatures from
850 to 1100 °C with an interval of 50 °C while raising the
temperature at a rate of 175 °C/h and isothermal holding
at the maximum temperature for an hour. For the samples
obtained, the average density, water absorption and compres-
sive strength were determined. The results of the experiment
are presented in Table 4.

With an increase in the firing temperature to 1050 °C,
the properties of the samples improve (Table 5, Fig. 4),
and at 1100 °C, deformation of the samples is observed
(ceramic burnout). As the temperature rises from
1000 to 1050 °C, the properties of the samples change

Temperature (°C)
Fig.4 Properties of samples on the firing temperature

insignificantly, by less than 1%. Therefore, the firing tem-
perature of 1000 °C was chosen as the optimal one.

Next, firing was carried out at a temperature of 1000 °C
with isothermal exposure for 30, 60, 90, and 120 min (lines
1, 2, 3, and 4 in Fig. 5, respectively). For the samples
obtained, the average density, water absorption, and ulti-
mate compressive strength were also determined (Table 5).

As can be seen from Table 6, with isothermal expo-
sure for 120 min, there is some deterioration in the prop-
erties of the samples, and their slight curvature (partial
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Fig.5 Mode plot of firing

Table 6 Physical and mechanical properties of samples at different
isothermal exposure at 1000 °C

Holding  Density, kg/  Water Compressive ~ Comments
time, min m?> absorp- strength, MPa
tion, %

30 1980 12.4 33.5 Underburned

60 2020 10.8 39.8 Without
defects

90 2010 10.8 40.2 Without
defects

120 1990 10.7 40.5 Partially
burnout

burnout) is also observed. At an isothermal holding time
of 30 min, underburning occurs, as evidenced by low val-
ues of density and compressive strength, as well as an
increased value of water absorption. The best properties of
the prototypes are observed with isothermal exposure for
60-90 min. Since the properties of the samples practically

1(
2 (112
| 3/(004)

20 25 30 35 40 45 50 55
2theta (degrees)

Fig.6 X-ray diffractogram of ceramic brick containing 80 wt.% clay
and 20 wt.% fine fraction of burnt molding earth, fired at temperature
1000 °C with isothermal exposure for 60 min

do not change in this interval, taking into account the need
to save energy resources, it is proposed to carry out firing
with isothermal exposure for 60 min. Thus, for a ceramic
brick containing 80 wt.% clay and 20 wt.% finely dispersed
fraction of molding burnt earth, firing at a temperature of
1000 °C with isothermal holding for 60 min was selected.

The diffraction patterns of the fired sample show the
predominant content of quartz with an hexagonal structure
with space groups P3221 and characteristic peak (101) at
26.64 2theta; anorthoclase phase with an anorthic structure
with space groups P-1 and characteristic peaks at 21.85,
23.65,24.25,27.54,26.65, 27.68, and 27.96 2theta (Fig. 6).

Table 7 compares the obtained results with previ-
ously published studies showing the promise of using a

Table 7 Comparison of

) . . Composition Firing tem-  Firing Density, g/lem>  Water Compressive  References
obtained results with published perature, °C  time, absorption, strength, MPa
analogs hours %
Wood pulp 8%
Clay 72% 850 1 1.75 11 3.03-3.5 [26]
SES 20%
Clay 70% 900 12 1.76 20.49 3.95 [27]
SFS 30%
Paper pulp 8%
Clay 62% 850 n/a 2.67 12.7 n/a [28]
SFS 30%
Clay 80% 850 35 n/a 13.0 n/a [29]
SES 20% 950 n/a 11.1 n/a
1050 2.015 8.1-8.7 11-17
Clay 80% 1000 1 2.02 10.8 39.8 This work

Finely dispersed
fraction SFS
20%
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finely dispersed fraction of the burnt molding earth in
the production of ceramic bricks at relatively low firing
temperatures.

By comparing the results of the measured parameters of
the obtained samples with the results of published studies, the
following conclusions can be drawn. The addition of 8% wood
[38] or paper pulp [39], or the addition 20 [40] or 30% of SPS
[41] and firing the mixture at 850-900 °C leads to a decrease
in compressive strength and an increase in water absorption.

Conclusions

The conducted studies confirm the possibility of complex
processing of finely dispersed fraction SFS, which is a waste
of foundry production. The finely dispersed fraction of SFS,
which is formed in the process of its regeneration, is pro-
posed to be used in the production of ceramic bricks as a
lean additive.

The obtained samples of ceramic bricks containing 20
wt.% finely dispersed fraction of SFS were characterized by
the following properties: average density 2020 kg/m?, water
absorption 10.8%, compressive strength 39.8 MPa, flexural
strength 12.67 MPa, which corresponds to the M300 brick
grade according to GOST 530-2012 and to the standard
UNE-EN 772. Samples of ceramic bricks containing finely
dispersed fraction SFS were obtained at different isothermal
exposure at low temperature of 1000 °C. However, it should
be noted that, in general, with the addition of SPG up to 20
wt %, the values of the parameters of the samples did not
change significantly.

The presented approach will reduce the impact of foundry
production on the environment by preventing the disposal
of the waste in question at landfills, expand the raw mate-
rial base of the building materials industry and obtain high-
quality products—ceramic bricks that meet the requirements
of the standards.
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