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Abstract

Two different types of clay (a yellow and a red clay) were used to prepare two sets of materials containing spent foundry olivine sand. They were

blended by attrition milling in varying proportions to obtain powders of different composition.

All mixtures were dried, sieved, uniaxially pressed into specimens and air sintered for 1 h at temperatures ranging from 900 to 1140 8C. The

resulting materials were characterized by density, water absorption, shrinkage, crystallographic composition, microstructure and physico-

mechanical properties. Mechanical and crystallographic properties were determined on samples fired at 1040 8C in order to compare materials with

similar characteristics. It was observed that, after sintering, all compositions show the presence of the glassy phase which surrounds the crystalline

grains and the set of materials prepared using the red clay displayed best overall behavior. XRD analysis performed on the free surface of the fired

samples did not show the presence of compounds containing heavy metals present in the starting materials.
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1. Introduction

Spent foundry sand (FS) is a by-product of the metal-casting

industries which use sand in their moulding and casting

operations. Moulds can be used many times, but after a certain

number of cycles, the sand inconsistent with the casting, is

generally disposed of in landfill.

For the production of one ton of cast material, between 75

and 150 kg of moulding sand [1] is also produced; it follows
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that spent sand is considered one of the major problems of the

foundries [2].

End life foundry sands often contain a mixture of silica sand,

olivine sand, bentonite clay, coal dust and water; their dark

color (almost black) is due to the carbonaceous components

which derive from thermal decomposition of organic com-

pounds used in order to agglomerate the green sand and enable

to create a reducing atmosphere during casting [3].

Spent foundry sands also contain small fractions of heavy

metals and, before any landfill disposal, they must be stabilized

with calcium hydroxide [4,5] in order to limit any possible

elution process which could release hazardous elements into the

environment. This practice has a high cost, is not an optimal

eco-solution and has induced many authors to propose

alternative options such as: production of special concretes
d.
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Table 2

Composition of the samples prepared and abbreviations used for materials

identification along the paper (RC, red clay; YC, yellow clay; FS, foundry

sand).

Material name R RS1 RS2 RS4 Y YS1 YS2 YS4

RC (wt.%) 100 90 80 60 – – – –

YC (wt.%) – – – – 100 90 80 60

FS (wt.%) – 10 20 40 – 10 20 40
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[6–10], component of flowable fills [11,12] and production of

clay bricks [5]. If the attention is focused to the field of

ceramics, it can be observed that quartz is a raw material used

for the production of several traditional products, however just

few papers dealing with spent silica foundry sand recycling

have been recently published [5]; conversely, the use of olivine

is limited to the production of some refractory bricks [13,14] or

particular glaze for tiles [15] and the use of spent foundry

olivine sand is not documented at all.

The use of waste materials in the ceramic industry has been

proposed by several authors [16–19], since this option permits

to couple a double function: (i) production of new marketable

tools and (ii) inertization of the many hazardous components of

the waste into a stable silicatic network. It is known in fact that

silica based glassy or crystalline highly dense materials are

leach resistant and can help to preserve environment from

hazardous elements contamination [20–23].

The aim of present research is to evaluate a possible use of

spent FS mixed, in different proportions, with a natural clay for

the production of some ceramic materials. Two different clays

were used and each one was mixed with 10, 20 and 40 wt.% of

spent FS. Pure clay samples were also prepared, tested and used

as blank references.

Powders of each composition, pressed into several speci-

mens, were fired at different temperatures for 1 h, then

shrinkage and water absorption were measured in order build

up their sintering curves. Apparent density, microstructure,

crystal phases and some mechanical properties were tested in a

second time on product fired at 1040 8C.

2. Materials and methods

The FS used in the present work is an end-life mainly olivine

sand used as moulding material in a foundry process devoted to

the production of a high manganese steel; it was dried in an

oven for 24 h at 80 8C and then transformed into a coarse

powder by a mortar; natural clays used to balance the mixtures

are a yellow clay (YC) and a red clay (RC). The composition of

the above raw materials, obtained by a Spectro Mass 2000

Induced Coupled Plasma (ICP) mass spectrometer, is reported

in Table 1 which also displays lost on ignition (LOI) data

obtained after a thermal treatment at 1000 8C for 2 h. With the

used analytical method, the made error is below 3% of each

determination.

Table 2 displays the composition of the samples prepared

and the abbreviations used to define each material.

Blends (70 g of powder for each preparation) were

homogenized by attrition milling for 1 h in a homemade

instrument. Milling parameters are as follows: high-density
Table 1

Chemical composition (wt.%) and LOI (%) of red clay (RC), yellow clay (YC) an

Comp SiO2 Al2O3 CaO MgO Na2O K2O Fe2O3

RC 42.67 27.93 2.87 2.24 1.35 3.84 7.15 

YC 48.36 24.57 1.99 1.18 1.25 5.34 4.13 

FS 55.10 1.89 5.25 8.85 0.41 0.74 4.76 
nylon container (volume = 750 ml); 500 g of 99 wt.% alumina

balls (diameters = 6–8 mm); 150 ml of distilled water;

300 cycles min�1. Slurries were then oven dried for 24 h at

80 8C. After milling, particle size distribution (PSD) was

evaluated using a Horiba LA950 laser scattering particle size

distribution analyzer: analyses were made in water after a 3 min

sonication time. For clarity of comprehension PSD curves are

represented with logarithmic abscissa, as it is commonly done

for the presentation of this type of results. Dried powders were

sieved (200 mm �70 mesh) and uniaxially pressed at 100 MPa

into parallelepipedal specimens (5 mm � 5 mm � 50 mm).

Density of green samples was determined by the ratio between

weight and volume which was evaluated by a caliper. Reported

data are averaged over three measurements. Sintering experi-

ments were performed in air, by an electric muffle, at several

temperatures ranging from 900 to 1140 8C with intervals of

20 8C using heating and cooling rates of 10 8C/min and a D-

well time of 1 h.

Shrinkage on firing was evaluated, by a caliper, along the

longest samples dimension (50 mm on green specimens) using

the ratio (h0 � h1)/h0 (subscripts 0 and 1 refer to the sample

dimensions before and after the sintering). Apparent density of

sintered materials was determined by the Archimedes method

whereas water absorption was determined following the norm

EN99; in line with this norm, fired samples were first weighed

in air (W1), then placed in a covered beaker and boiled in water

for 2 h. After boiling, samples were cooled in water to room

temperature, dried with a cloth and weighed again (W2). Water

absorption was evaluated using the formula: W (%) = 100

[(W2 � W1)/W1]. In all the above measurements data variation

remains below 10% of the averaged value.

Crystal phases, microstructures, apparent density, bend

rupture strength and Vickers hardness were measured only on

specimens fired at 1040 8C since it was observed that only after

such firing cycle, all compositions had comparable overall

characteristics.

Crystal phases were investigated by X-ray diffraction

(XRD); XRD patterns were recorded on a Philips X’Pert

diffractometer operated at 40 kV and 40 mA using Ni-filtered

Cu-Ka radiation. Spectra were collected using a step size of
d that of foundry sand (FS) reported in term of major oxides.

TiO2 P2O5 NiO Cr2O3 MoO2 Undet LOI

0.52 0.11 – – – 1.37 9.95

0.62 0.10 – – – 1.25 11.21

0.16 0.25 1.15 1.40 0.66 1.38 18.00



Fig. 2. Particle size distribution of the milled powders with compositions YS4

and RS4. Curves are represented with logarithmic abscissa.
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0.028 and a counting time of 15 s per angular abscissa in the

range 5–808. The Philips X’Pert HighScore software was used

for phase identification.

Density was evaluated by the Archimedes method, flexural

rupture strength (s) was evaluated by the 4-point bending test

with a crosshead speed of 0.2 mm min�1 using a Shimadzu

AG10 equipment whereas Vickers hardness (Hv) was deter-

mined by a 100 N load with a Zwick indenter on polished

surfaces (6 mm diamond paste); data herein reported are all

averaged over 10 measurements. Microstructures were exam-

ined, on the as fired materials, by an Assing Stereoscan

scanning electron microscope (SEM).

3. Results and discussion

The chemical analysis revealed that RC and YC have similar

chemical compositions, the main difference being the amount

of iron oxide which, in RC, is greater than YC; the presence of

high quantities of SiO2, Al2O3 and minor fractions of other

components are in line with literature data [24–26]. FS contains

high quantities of SiO2, MgO, CaO and Fe2O3 and moderate

amounts of Al2O3, NiO, Cr2O3 whereas other oxides can be

considered minor components. The LOI of the two clays is in

line with literature data [25,26], whereas that of FS is higher

thus revealing the presence of a large content of organic matter

or free carbon in the as received material.

Unlike the chemical analysis, the X-rays diffraction

investigation (Fig. 1) revealed some differences between the

crystal phases of RC and YC. In fact, it was identified the

presence of quartz (PDF 01-083-2465) and kaolinite (PDF 00-

029-1488) in each clay, but RC contains also dolomite (PDF 00-

036-0426) and other phases which were not clearly identified

due to the low intensity and limited number of the

corresponding diffraction peaks and therefore not reported.

However there is a clear peak around 98 2theta which could

mean 30–50% illite and would turn the two clays into illite–

kaolinite type, i.e. the most common ceramic clays. On the

other hand, FS displayed an XRD pattern showing a great

amount of quartz, olivine (PDF 00-003-0195), calcite (PDF 01-

086-2339) and a compound of the pyroxene’s family namely

calcium magnesium iron aluminum silicate (PDF 00-050-

1544).
Fig. 1. X-ray diffraction patterns (5–808) of as received RC, YC (a) and FS (b). Ph

olivine; (~) calcium magnesium iron aluminum silicate and (§) calcite.
Fig. 2 shows the PSD curves, determined after the milling

procedure, relative to powders blends of composition RS4 and

YS4. It can be observed that both curves display a monomodal

particle size distribution with the maximum at around 6 mm

(YS4) and 7.5 mm (RS4) respectively; it can be also observed

that both powders do not contain particles exceeding the size of

30 mm. All the other compositions showed similar monomodal

particles size distribution, with the maximum in the range 5–

9 mm. As a consequence of the milling procedure, it was

assumed to neglect the effect of powders PSD on the properties

of the resulting sintered materials.

Water absorption, directly related to the open porosity, and

linear shrinkage are physical parameters used for drawing the

sintering curves which lead to optimization of firing cycles and,

in turn, to the production of materials with optimized

properties. It must be however pointed out that water absorption

is not porosity, but related to the open porosity.

Fig. 3a and b reports shrinkage trends as a function of the

firing temperature of all the compositions. It has been observed

that the addition of FS causes the formation of a great amount of

liquid phase in materials fired at temperature greater than

1120 8C. As a consequence, samples with such compositions

loose their shape and shrinkage cannot be determined. It has
ases can be identified as follows: (~) quartz; (�) kaolinite; (&) dolomite; (*)



Fig. 3. Shrinkage (%) as a function of the firing temperature of the materials containing RC (a) or YC (b).
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been seen (Fig. 3a) that materials prepared using RC alone

show a growing monotonic trend up to 1140 8C. The addition of

waste sand to the clay causes a shrinkage reduction, with

respect to the pure clay, in the whole range 900–1120 8C.

Also among materials containing YC (Fig. 3b), it has been

observed that compositions YS1, YS2 and YS4 soften between

1100 and 1120 8C, probably due to a partial melting of some

phases, and in this set of samples it was not possible to measure

the shrinkage at temperatures higher than 1100 8C; the only Y

alone was therefore tested in the whole range established. In

this contest, it is seen that composition Y, YS1 and YS2 display

a monotonic growing shrinkage trend, being that of YS1 and

YS2 greater than that of the Y alone thus showing that the

addition of FS to the clay improves shrinkage. On the other

hand, composition YS4 shows a flat trend between 950 and

1040 8C whereas before and after this interval a growing trend

is observed.

It must be pointed out that all compositions fired at

temperatures below 1040 8C show shrinkage values below

6.5% and therefore could be considered suitable for the industrial

production of some typologies of commercial ceramic materials

[27].

Fig. 4a and b reports water absorption vs. firing temperature

of the materials produced. Concerning the set of materials

containing RC, it has been observed that R alone shows a

continuous decreasing trend in the whole range examined,

being 8% after a thermal treatment at 900 8C and around zero

after firing at 1120 8C or higher temperatures. Conversely, RS1,

RS2 and RS4 reveal increasing values between 900 and

1060 8C then a rapid decrease of water absorption data can be

observed. Such behavior is reasonably due to the formation of
Fig. 4. Water absorption (%) vs. sintering temperature
liquid phase which is associated to the raising of bubbles before

materials completely loose their original shape [28–30]. It must

be also pointed out that, after a thermal treatment at 1120 8C,

RS1 and RS2 reach values close to zero, whereas water

absorption of RS4 remains greater than 6.0%. This particular

behavior probably depends on the great amount of carbon in the

FS which, in turn, causes relevant residual open porosity which

cannot be closed by material’s shrinkage. As expected, also the

behavior of materials containing YC depends of the amount of

FS added: Y, YS1 and YS2 show a continuous bland decrease of

water absorption as a function of the final firing temperature; on

the other hand, YS4 shows an almost flat trend in the range 950–

1040 8C and then it slowly decreases up to 1100 8C which is the

typical behavior observed in several blends of powders used for

the production of tiles and in agreement with the trend observed

by other authors who proposed the use of waste materials in the

production of ceramic tiles [31–36].

One should also keep in mind that water absorption,

shrinkage and then bending strength values are interdependent,

so that to the lower water absorption corresponds to the greater

linear shrinkage and then high bending strength. In this respect,

it is worth pointing out that water absorption values below 10%

meet the official Italian requirements for the production of

commercial ceramic materials therefore it can be concluded

that, if other parameters are not considered, many compositions

prepared in the present research are in line with the norm,

provided that products could be fired at their optimal sintering

temperature.

Fig. 5 shows the X-ray diffraction patterns of the samples

made with RC and YC fired at 1040 8C; this temperature was

selected in order to test materials with a completely developed
 of the samples prepared using RC (a) or YC (b).



Fig. 5. X-ray diffraction patterns (10–808) of the as fired surface of the samples with composition R, RS1, RS4 (a) and Y, YS1, YS4 (b). Phases are identified as: (~)

quartz; (&) hematite and (~) anorthite.
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crystalline structure and a limited quantity of vitreous phase as

a result of a firing cycle sufficiently far from the softening

temperature of each composition.

The phases detected in materials fired at 1040 8C are

consistent with those revealed in the raw materials. It can be

observed that samples made with the two clays alone mainly

contain residual quartz that is already present in the starting
Fig. 6. SEM micrograph showing the free surface of the sintered R (a) and

RS4 (b).
clay which in the case of R is accompanied by small fractions of

two anorthite like phases namely albite (PDF 01-083-1613) and

orthoclasius (PDF 01-083-1253) and hematite (PDF 01-085-

0987) whose amount increases with the added quantity of FS.

On the other hand the addition of FS to YC favor the

crystallization of anorthite and hematite which were not

detected in samples made with YC alone. Due to the low

intensity and limited number of the corresponding diffraction

peaks, other phases were not clearly identified. All patterns also

showed a not flat profile of the background line thus revealing

the presence of a not negligible quantity of vitreous phase. It

must be also pointed out that the XRD analysis did not reveal

the presence of free heavy metals oxides (i.e. Cr2O3, MoO2,

NiO) nor Mg containing crystal phases. Since such elements are

present in the starting materials, but they were not detected in

the fired samples it is possible to speculate their sequestration

by the vitreous phase or contained into the two anorthite-like

feldspar structures, namely albite and orthoclasius.

This result, also supports the different behaviors observed in

the sintering curves. It can be concluded that the crystal

structure of the fired materials at 1040 8C is mainly determined

by nature, chemical composition and crystal phases of the

natural materials used and minimally by the chemistry of the

recycled material (FS).

The presence of vitreous phase in all the samples fired at

1040 8C or above was confirmed by the SEM analysis and it is

documented by Figs. 6a and b and 7a and b which show 4

micrographs of the as fired (1040 8C) surfaces of the samples

with compositions R, RS4, Y and YS4; other micrographs were

considered not necessary and, in order to limit redundant

documentation, are not reported in the present paper.

It can be observed that, together with a residual open

porosity compatible with the one determined by the water

absorption tests, all samples contain a relevant amount of glass

material (the presence of polycrystalline grains has been

already documented by the XRD analysis), but SEM

micrographs also show that the vitreous phase is widely

diffused and covers all grains by a layer of glass.

The presence of cracks caused by the b-quartz to a-quartz

transition was not observed probably due to the small size of

quartz grains (see Fig. 2) and to the relatively low cooling rate

during the sintering process [37,38].



Fig. 7. SEM micrograph showing the free surface of the sintered Y (a) and

YS4 (b).

Table 3

Averaged values of apparent density (r) of green and fired materials, flexural

rupture strength (s) and Vickers hardness (Hv) of samples fired at 1040 8C;

variability is also displayed.

Material’s name rgreen [g/cm3] rfired [g/cm3] s [MPa] Hv [GPa]

R 2.20 2.42 43 � 3 4.2 � 0.2

RS1 2.05 2.10 33 � 4 3.8 � 0.3

RS2 2.00 2.05 28 � 3 3.5 � 0.2

RS4 2.00 1.85 24 � 4 3.0 � 0.2

Y 2.15 2.30 38 � 2 3.9 � 0.5

YS1 2.15 2.25 49 � 3 4.4 � 0.3

YS2 2.10 2.20 43 � 4 4.2 � 0.2

YS4 2.10 2.20 39 � 3 4.0 � 0.4
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Table 3 reports apparent density of green and fired materials,

flexural rupture strength and Vickers hardness of the samples

fired at 1040 8C for 1 h. Density of green specimens decreases

as the amount of FS is increased reasonably due to the high

amount of carbonaceous compounds there contained. It is

known that density values determined as described in Section 2

are affected by errors of 10% or even more.

Strength and hardness variability of each composition is

limited being always below 15% of the average value and

seems to be not affected by materials composition. At the same

time, all the properties are in agreement with water absorption,

i.e. when water absorption is low, also density, strength and

hardness are high and vice versa. It can be also observed that the

presence of different phases seems to have little influence on

materials properties, their values being probably much more

dependent on composition and properties of the vitreous phase.

The low apparent density of composition RS4 is in conflict with

shrinkage data. This is reasonably due to two synergistic

effects: the most important, makes longitudinal sample

shrinkage positive, but transversal shrinkage negative and is

due to the presence of bulk bubbles raised together with the

liquid phase as previously discussed. The other is caused by the

presence of unburned carbon, introduced with FS, which
partially transforms into entrapped gaseous products during

sintering and partially causes a wide black core in samples with

this composition as highlighted by samples fracture surface

after the bend strength tests. Such coupled effects also

determine limited mechanical performances. All the other

compositions showed mechanical performances in line with

literature data for materials produced using recycled waste [39–

42] and the presence of black core was not observed.

4. Conclusions

The present research deals with production and character-

ization of ceramics prepared using two natural clays alone or

blended with 10, 20 and 40 wt.% of one spent foundry sand.

The sintering experiments demonstrated that:

- the crystal structure of the fired materials in mainly due to

nature, chemical composition and crystal phases of the natural

clay and minimally by the characteristics of the FS;

- the XRD analysis detected some phases already present in the

starting components;

- XRD analysis of the fired samples did not show the presence

of compounds containing heavy metals;

- the SEM investigation showed that polycrystalline grains are

covered by a layer of glass thus confirming the presence of the

vitreous phase; and

- the mechanical performances of the different blends is

dependent on their water absorption values and therefore on

their residual open porosity, nevertheless in composition

named RS4 it was observed the presence of black core after

the rupture test of the samples and therefore revealing the

presence, in this only composition, of entrapped unburned

carbon.
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