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ABSTRACT The total or partial utilization or recycling of bauxite processing waste (red mud) has the potential
to reduce the harmful effect on the environment while simultaneously extracting the most valuable ingredi-
ent, scandium which is currently underutilized due to its high cost. The new efficient carbonation technology
promises an assured supply of scandium and zirconium at a significantly reduced cost. Here, scandium-
zirconium concentrate, extracted by hydrolysis from leachate after carbonate treatment of red mud, was sub-
jected to sintering by ceramic technology at 1100 ◦C to produce scandia-stabilised zirconia (ScSZ). The XRD
patterns demonstrate the successful doping of scandium into the zirconia lattice through the hydrolytic precip-
itation method. The ratio between the essential components of the functional ceramics Zr and Sc is approxi-
mately 4, which correlates with the doping level of ScSZ up to Zr0.8Sc0.2O1.9.
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1. Introduction

Zirconium oxide and ceramic materials based on it are widely employed in engineering and medicine due to their high
refractory properties, strength, chemical inertness, superionic oxygen conductivity, as well as their biocompatibility and
catalytic activity [1–5]. Yttrium-stabilized zirconia (YSZ) is commonly used material in solid oxide fuel cells (SOFC) for
high temperature applications [6]. Scandia stabilized zirconia (ScSZ) exhibits conductivity that is 1.5 – 3 times superior
to that of YSZ, due to its distinctive crystal structure [7]. At the same time Sc-containing materials are not commonly
used as functional ceramic due to high cost but small additives appear to be effective for the increased ionic conductivity,
structural and thermodynamic stability.

It is known that not only the type and amount of additives the size of the initial powders have a significant impact on
the process of their sintering, and, as a consequence, on the structure and mechanical properties of ceramics [8,9]. Studies
have shown that with the decrease in particle sizes, the physicochemical properties like strength, thermal conductivity,
high-temperature resistance, toughness and specific surface area improve, comparing micron-ZrO2 to nano-ZrO2 [10,11].
On the other hand, the physical and mechanical properties change significantly depending on the sintering temperature
and the holding time at maximum temperature [12].

At present most widespread methods for preparing initial zirconia particles with a narrow particle size distribution
are emulsion method [13], sol-gel combustion [14], spray-drying and spray-pyrolysis [15], solvothermal synthesis [16]
and other [17]. In many instances, the raw materials are either costly and toxic organometallic compounds or solutions
of inorganic salts utilized for the execution of solvothermal processes with simultaneous or subsequent heat treatment at
selected temperatures. A controlled double-jet precipitation is believed to be a rather simple method enabling to govern
size, shape and porosity of hydrous zirconia particles maintaining a narrow size distribution of zirconia particles after
drying and calcination [18]. A similar relatively simple deposition process of a carbonate-hydrocarbonate solution can be
implemented to produce scandium-containing zirconia from red mud – residue from bauxite processing [19]. However,
industrial raw materials contain impurities of other metals along with the specified elements [20, 21]. Their presence
can be both beneficial to the sintering process and detrimental to the properties of the final material. In this work, the
direct cheap creation of ceramics based on scandium-stabilized zirconia (ScSZ) and the assessment of its thermochemical
properties are of interest.
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2. Experimental

2.1. Extraction of zirconia concentrate

Sc-doped zirconia oxide was produced by hydrolysis of carbonate-hydrocarbonate solution after the carbonation
leaching of red mud derived from an alumina plant located in the Ural region (Russia). The detailed description of car-
bonation processing of red mud with 10 % NaHCO3 solution or using sintering furnaces (7 – 20 % CO2) and precipitation
of Sc–Zr concentrate are provided earlier [19, 22]. Supplying of carbon dioxide promotes the synthesis of soluble car-
bonate complexes [Sc(CO3)4]5− and [(ZrTi)(CO3)4]4− and starts neutralization processes of alkali from red mud and
alkali resulted from the hydrolysis of aluminates, titanates, etc. The carbonate-bicarbonate filtrate at pH = 8 – 9, separated
from the insoluble mass of carbonized red mud, contains up to 30 – 50 g/m3 Sc and 250 – 350 g/m3 Zr. Concentrate
from the clarified solution was precipitated by sodium hydroxide at heating and holding for 4 or 24 hours to coagulate the
precipitate. In this work, the hydrolysis of a carbonate-bicarbonate solution was carried out at 90 – 100 ◦C to pH 12.5 for
24 h. Before control of the chemical composition both initial red mud and Sc–Zr concentrate were further dried at 125 ◦C
for 24 h (initial moisture content was about 20 – 30 wt %) and comminuted. The respective compositions of initial red
mud and the concentrate obtained from hydrochemical branch of the plant are listed in Table 1.

TABLE 1. The compositions of initial red mud and Sc–Zr concentrate

Component Red mud, % wt. Sc–Zr concentrate, % wt.

Fe2O3 41.0 7.52

Al2O3 15.4 0.94

CaO 9.0 4.09

MgO 0.4 2.17

TiO2 5.5 8.37

SiO2 7.5 1.05

Na2O 5.6 5.89

K2O 0.4 0.41

ZrO2 0.04 58.87
Sc2O3 0.012 10.46

2.2. Methods of characterization

The element content in Sc–Zr concentrate after drying at 125 ◦C was determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES) using a spectrometer Elan9000 (PerkinElmer).

In order to obtain polycrystalline powders dried concentrates were thoroughly grinded and mixed up in jasper mortar
then pressed into disk shape bar and annealed at 600, 800, 1000 and 1100 ◦C in air during 10 – 12 hours. XRD patterns
were collected at room temperature on a Shimadzu XRD–7000 diffractometer using CuKα radiation in the 2θ range 10◦ to
70◦ with a step of 0.03◦ and exposition 3 s. Polycrystalline silicon (a = 5.43075(5) Å) was used as an external standard.
The PDF2 database (ICDD, USA, Release 2016) was applied for phase analysis and the identification of c-ZrO2 (card
No. 00-054-1136). Polythermal dependencies were recorded at temperature scan rate of 10 ◦C/min up to 800 ◦C, with
alumina as a standard.

Microstructure was analyzed by means of scanning electron microscopy method with the use of scanning electron
microscope (SEM) VEGA 3 LMH (TESCAN) equipped with energy dispersive analyzer INCA Energy 350/X-max 80
(Oxford Instruments) used for the study of atomic distribution and a scanning electron microscope JEOL-JSM LA 6390
equipped with a JEOL JED-2300 detector.

Thermal expansion was studied on rectangular bar with a section of 5 × 5 mm cut from the sintered sample. Data on
linear elongation was collected using L75 (Linseis) dilatometer at heating mode with the rate 3 ◦/min in air.

3. Results and discussion

The typical SEM-image of the Sc–Zr concentrate produced directly from red mud shown in Fig. 1a reveals that
sample consists of homogeneously dispersed very fine near spherical shaped particles with easily crushed micrometer-
sized agglomerates. The results of EDX analysis (Fig. 1b) correlate with the concentrations of elements obtained from
ICP–AES analysis as shown in Table 1.

The pattern of initial Sc–Zr concentrate with a wide hump between 20◦ and 40◦ 2θ indicates an amorphous nature or
nanocrystalline structure of the sample. Calcination at 200 ◦C to constant mass shows adsorbed and structured moisture
of about 25 – 30 wt. %, which is typical of amorphous hydroxide phases with a highly developed surface. The thermal
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(a) (b)

FIG. 1. SEM images (a) and EDX-analysis (b) of initial Sc–Zr concentrate

behavior of Sc–Zr concentrate after heating at 200 ◦C is shown in Fig. 2a. The total mass loss is pretty much finished
after annealing at 600 ◦C. The rest 1 – 2 % of the mass are lost during the further 9 h of annealing from 600 to 800 ◦C
with the exposition at 800 ◦C. The calcination of the initial Sc–Zr concentrate for 4 h at 600 ◦C corresponds to com-
plete decomposition of amorphous hydroxide and carbonate compounds (ScCO3OH, TiO(OH)2, ZrO(OH)2, Sc(OH)3,
Ti(OH)4, Zr(OH)4, etc.). From the XRD patterns of calcined samples (Fig. 2b) it is clear that a nanosized composite of
the solid solution based on c-ZrO2 (cubic) structure (ICDD Card No. 00-054-1136, pr. gr. Fm3m) was obtained [23],
with no apparent diffraction peaks corresponding to them-ZrO2 (monoclinic) phase. The lattice parameters of the fluorite
structure c-ZrO2 powders in Table 2 were estimated by the Rietveld refinements. The observed narrowing of the X-ray
lines indicates an increase in the size of zirconia particles doped with scandium ions when samples annealed from 600 to
1100 ◦C. The average value of the crystallite size (d) was calculated from X-ray line broadening using Scherrer.

TABLE 2. Variation of the lattice parameters and crystallite size of c-ZrO2 with the calcination temperature

T , ◦C
Lattice parameter

d, nm
a, Å V , cm3

600 5.04(1) 128.0(5) 9

800 5.058(6) 129.4(2) 74

1000 5.053(3) 129.0(1) 98

1100 5.074(1) 130.63(3) >100

Except for orthorombic perovskite CaTiO3, no Sc2O3 or other impurities were found by X-ray diffraction. These re-
sults show that scandium was successfully incorporates into the zirconia lattice by the hydrolysis so-precipitation method.
At the same time other components such as iron, alumina and magnesium may also act as dopant in ScSZ for crystal struc-
ture stabilization and created functional properties [24–26]. For example, in a compositions with oxides of aluminum,
chromium and iron, which are not, in the conventional sense, stabilizers of the c-ZrO2 phase, the formation of 100 % of
the cubic phase was establish [27].

For the evaluation of functional properties, the obtained Sc–Zr product was uniaxially pressed and sintered at 1100 ◦C.
Fig. 3a presents the fractured surface morphology of sintered ScSZ ceramic, which shows that some micro pores were
uniformly distributed in the area of SEM-image. As seen from Fig. 3b in BEC regime, the grain size is 1 – 3 µm for bulk
Sc–Zr product.

Figure 3c demonstrates overall EDS-mapping and partial chemical components of the ceramic samples obtained by
splitting. By analyzing Fig. 3c one can see that the most cations are distributed fairly evenly over the surface. It is
important that this also applies to key components forming ScSZ. It is worth noting that there are some elements form
separate areas, for example, iron and calcium. However, given the low concentration of most components, their presence
in the selected pictures allows us to suggest that the cations are statistically distributed throughout the sample bulk.

Table 3 demonstrates compositions determined from EDX analysis (in % at.). As can be seen main component is
zirconium. It is important to pay attention to the ratio of Zr and Sc as key components of the functional ceramics. This
parameter lies about the value 4 that corresponds to doping state of ScSZ up to Zr0.8Sc0.2O1.9. The obtained result is in
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(a) (b)

FIG. 2. TG curve (a) and temperature dependent changes of XRD patterns (b) of Sc–Zr powders

(a) (b)

(c)

FIG. 3. Surface SEM image of the sintered bulk ScSZ material in regimes SEI (a) and BEC (b) and (c)
EDX mapping with corresponding partial cationic distributions over the chipped ceramic obtained from
the Sc–Zr concentrate
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good agreement with XRD data and is strongly supported by work [23] where a formation of cubic fluorite ScSZ in these
doping limits was distinguished as preferable. Accordingly, the applied conditions were found to permit the production of
well-sintered ceramics, thereby facilitating subsequent analysis of functional properties. It is assumed that sum quantity
of oxide components can act as sintering aids for zirconia ceramics (Al2O3, CaO, MgO, etc) [28, 29], which are used,
either individually or in combination, to optimize the properties of ceramic thermal barrier coatings [30, 31].

The change for linear elongations of the studied Sc–Zr ceramics with temperature is represented in Table 4. Addition-
ally, the values of the thermal expansion coefficients for every point k were calculated in accordance with the following
formulae:

aphys(k) =
1

L0

d(∆Lk)

dT
and atech(k) =

1

L0

∆Lk − ∆L0

Tk − T0
for (k = 1 . . . n),

where L0 is the sample length at 20 ◦C, ∆Lk is the length change at Tk, ∆L0 is the change in length at 20 ◦C (linear
extrapolated out of the first data point).

TABLE 3. Chemical composition of sintered Sc–Zr ceramics obtained from EDX analysis (at %)

Element Zr Sc Zr/Sc Na Ti Fe Ca Si Mg Al

Content 35.2 9.1 3.89 24.1 11.0 6.0 5.2 4.8 2.4 2.0

TABLE 4. Thermal expansion coefficient values of the Sc–Zr ceramic materials

T , ◦C
Ceramic on Zr0.8Sc0.2O1.9 14Sc 1YSZ (mol %)

bulk material [32]
8Sc 1YSZ (wt %)

coating [33]αtech · 106, K−1 αphys · 106, K−1

500 10.78 11.91 9.7 10.65

600 10.86 11.98 9.8 10.75

700 11.37 13.11 10.05 10.80

800 11.76 14.53 10.17 10.85

900 11.93 10.55 10.30 10.80

The values of α selected at 500 – 900 ◦C for comparison with available literature data are provided. It should be
noticed that the value of expansion coefficient is in the best coincidences with Sc doped YSZ ceramics both in the coating
and in the bulk material. Thus, the present impurity components co-precipitated from the carbonate-bicarbonate solution
and the phases formed during sintering did not significantly affect the thermal behavior of Sc–Zr ceramics in the studied
temperature range.

4. Conclusion

Sc–Zr ceramics were obtained by ceramic technology from Sc–Zr concentrate produced by co-precipitation method
after carbonation of red mud pulp. Scandium oxide was not detected as a single phase, but successfully stabilized the
c-ZrO2 structure (pr. gr. Fm3m) by substitution during sintering of Sc–Zr concentrate. Despite the fact that the main mass
loss practically was finished at temperatures above 600 ◦C the crystallization of scandium-stabilized zirconia continues
up to 1100 ◦C. Analysis of Sc–Zr ceramic has shown that the scandium distribution along the surface is homogeneous and
the Sc2O3 amount regarding zirconia is almost identical to its content in the concentrate. In conclusion, we have shown
that the thermal expansion coefficient values of the ceramic on Zr0.8Sc0.2O1.9 phase in the temperature range of 500 –
900 ◦C are much like to the values for materials from co-doped Sc and Y zirconia. The impurities did not significantly
affect the phase composition and thermal behavior of Sc–Zr ceramics obtained by a simple and inexpensive way from the
metallurgical waste.
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