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ABSTRACT A method for low-temperature synthesis of InFeZnO, oxide from an X-ray amorphous precursor
formed as a result of the thermal decomposition of dehydration product of a mixture of polyvinyl alcohol and
iron, indium, and zinc nitrate solutions has been developed. Using TG/DSC and XRD, the InFeZnO, phase
has been shown to be formed in the temperature range of 370-420°C. Using the XRD method, after the heat
treatment of the precursor at 800°C for 4 hours, nanocrystalline InFeZnQO, with an average particle size (CSR)
of ~36 nm has been found to be formed. According to SEM, they do not have a clear facet and form a
homogeneous cellular microstructure of the powder. The absence of organic residues and moisture in it has
been confirmed by FTIR spectroscopy. From the DRS data, it has been found that the band gap energy E,
of InFeZnQ, for the cases of indirect and direct transitions is 1.54 eV and 2.25 eV, respectively. Ceramics
produced from nanocrystalline InFeZnO, by high-temperature sintering have a density equal to 5160 kg/m?
(~86 % of the theoretical one). Their microhardness, measured by the Vickers method, is 2.12 GPa. The
radiation resistance of InFeZnO, has been predicted, from which it follows that, when exposed to intermediate
and high doses of ionizing radiation, its partial amorphization is the most likely.

KEYWORDS Indium-iron-zinc oxide; rhombohedral crystal structure; X-ray amorphous precursor; nanoscale
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1. Introduction

The development of new, technologically simple and economically advantageous methods for the production of
highly dispersed oxides RMO3(M’0O),,, (where R = Sc, In, Y, or Er—-Lu; M = Fe, Ga, or Al; M’ =Zn; m =1, 2, 3
...), combining high thermal stability and potentially promising functional properties are of great interest both from a
fundamental and practical point of view [1-5]. For example, materials based on InGaO3(ZnO),,, (m = 1-4), owing to
their unique electro- and thermophysical characteristics, have already been applied as components of displays and sensor
devices [6-8]. A number of complex iron, indium, and zinc oxides InFeO3(Zn0),,, (where m = 1-19) belong to refractory
oxides that have been relatively poorly studied. In particular, Kimizuka et al. established [9] that some of these oxides
(m=1,2,3,7,9, 11, 13, 15 and 19) remain thermally stable when heated up to 1550°C, and continuous exposure to
very high temperatures (7 days at 1250°C) does not cause changes in their phase and/or chemical composition. The
results of the thermophysical characteristics of ceramic materials InFeO3(Zn0),,, (m = 1-5) showed [10] that InFeZnO,
oxide has the lowest thermal conductivity in this series (= 2.8 W/(m-K) at 25°C). Its value is closely equal to the thermal
conductivity of thermal barrier materials that are already in use, such as 7-8 wt. % yttria-stabilized zirconium dioxide
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(YSZ) (= 3.0 W/(m-K) at 25°C [11]). The low thermal conductivity of InFeZnO, oxide in combination with a thermal
expansion coefficient (11.7x107¢ K=! [12]), close in magnitude to YSZ (10.7x1075 K~ [13]), makes it potentially
suitable for creating special thermal barrier coatings used on the surface of structural materials from which parts and
nodes of aerospace equipment are produced [12, 14-16]. Moreover, it is noted in [10] that the relatively low hardness and
low friction coefficient make InFeZnO, promising in terms of creating abradable seal coating materials with high thermal
insulation. Doping or the introduction of an additional phase into the material [10, 14, 16] as well as the use of nanoscale
precursors for its production can be considered as a strategy to improve the functional characteristics of InFeZnOy4. On the
other hand, it is possible to change (and even significantly improve) the performance of a material by exposing it to high
pressures or various doses of high-energy ion irradiation. For example, in [17] it is noted that irradiation of magnesium
aluminate with Mg™ ions with an energy of 2.4 MeV and a fluence of 1.4x 102! ions/cm? results in an increase in its
hardness compared with a non-irradiated sample by 5%, and when irradiated with high doses of neutrons [18] it leads to
a noticeable decrease in thermal conductivity.

To date, the general method of obtaining InFeZnO,4 ceramic materials is that of solid-phase interaction. Analysis of
literature data [9, 10,12, 19,20] showed that a mechanical mixture of InoOg3, Fe2O3 and ZnO oxides which is subjected to
prolonged (up to 5 days) multistage annealing at temperatures in the range of 1300-1550°C is used to produce it. Further-
more, it is reported in some works that InFeZnO, synthesized in such a way contains an admixture of InFeO3(Zn0O)5 [12]
or ZnFe,Oy4 [20]. In particular, an approach as an alternative, energy-efficient method for the production of InFeZnO, can
be used. It includes the stages of obtaining a composition consisting of a polymer (polyvinyl alcohol (PVA), starch, etc.)
and aqueous mixtures of nitrates of the corresponding metals, its thermal decomposition, and subsequent annealing of the
resulting X-ray amorphous precursor at relatively low temperatures. It was shown in [21,22] that using this approach, it is
possible to synthesize single-phase, nano- and microcrystalline powders of various complex metal oxides at temperatures
of 800-1000°C.

This paper presents for the first time the development results of the low-temperature synthesis basics of InFeZnOy4
oxide from a PVA-nitrate composition, and discusses the structural and physical and mechanical characteristics of a
ceramic material made on its basis. Taking into account the potential applications of the material in question, the prediction
results of radiation-induced changes occurring in its crystal structure at intermediate and high doses of ionizing radiation
are also presented. These data may be of interest in determining the limits of applicability of InFeZnO, ceramic materials
when operated under radiation conditions, and also when their properties are directionally changed by exposure to various
doses of ionizing radiation.

2. Experimental part
2.1. Synthesis of InFeZnO, powder

The point of the synthesis method of InFeZnO, oxide was to prepare a composition containing a polymer and nitrate
solutions of the corresponding metals, its evaporation and thermal decomposition, and subsequent annealing of the result-
ing solid-phase product. Polyvinyl alcohol ((CH2CHOH),,, GOST 10779-78) and aqueous solutions of indium, iron, and
zinc nitrates were used as initial reagents. Their quantity was calculated using the reaction equation given below:

III(NO3)3(SM) + FC(NO3)3(Sln) + ZII(NOg)Q(Sln) + 4/71(CH2CHOH)7L = InFeZnO4(Sld) + 8C02(g) + 4N2(g) + SHQO(g)

To prepare aqueous solutions of metal nitrates, nitric acid (high purity grade, 18-4, GOST 11125-84), zinc (grade Z0,
w(Zn) = 99.975 wt. %, GOST 3640-94), indium (grade In0, w(In) = 99.998 wt. %, GOST 10297-94) and carbonyl iron
(high purity grade, 13-2, TS 6-09-05808009-262-92) were used. The metals were dissolved in acid previously diluted
with distilled water in a ratio of 1 : 3 by volume. Solutions In(NO3)3, Fe(NO3)3 and Zn(NOj3 )2 were mixed and then
concentrated on a heating plate at 90°C. Evaporating a mixture of salt solutions, PVA was added with constant stirring.
The resulting gel-like mass (hereinafter referred to as the gel) was continued to be heated on a plate until a voluminous
brown powder was obtained. The resulting powder was thoroughly ground and then annealed at temperatures ranging
from 600°C to 1200°C. The heat treatment was carried out in air, and its duration at each temperature was at least 4 hours.

2.2. Production of InFeZnQO, ceramics

Nanocrystalline powder InFeZnO,4 was used to produce dense ceramics. A few drops of acetone were added to it
and carefully ground in an agate mortar. Cylindrical samples with a height of ~ 5 mm and a diameter of ~ 14 mm were
formed from the produced mass by cold uniaxial pressing. Sintering of the samples was carried out in air at 1350°C for
4 hours. The density of ceramics after sintering was estimated by its geometric dimensions and mass. The relative density
was expressed as a percentage of the XRD density.

2.3. Thermal analysis

Thermogravimetry and differential scanning calorimetry (TG/DSC) were used to study the processes occurring during
gel heating and to establish the temperature range in which the formation of the crystalline phase of InFeZnO, occurred.
The measurements were carried out on a MOM Derivatograph Q-1500D with an upgraded heater control unit and a
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registration system. A gel sample weighing 0.1500 g was heated in a platinum crucible in the temperature range of 25—
1000°C with a heating rate of 10°C/min. The sensitivity of thermobalance was 200 mg, and its accuracy was +0.5%. The
temperature measurement error did not exceed +3°C.

2.4. Phase composition, microstructure and mechanical properties

The structure and phase composition of the synthesized materials before and after their heat treatment were studied
using powder X-ray diffraction (XRD). XRD patterns were recorded at ambient temperature on a Bruker D8 Advance
powder diffractometer (X-ray tube with copper anode A\(CuK,) = 1.5418 A) equipped with a LynxEye linear detector
and a nickel filter. The measurement results were processed using Bruker DIFFRAC.EVA software. Crystal phases
were identified using the electronic diffraction database ICDD PDF-2. Scanning electron microscopy (SEM) was used
to determine the structural and morphological characteristics of synthesized materials. SEM images were obtained using
an ultra-high resolution scanning electron microscope TESCAN AMBER. The ceramics were tested for microhardness
using the Vickers method on a LOMO PMT-3M device. The samples were pre-polished and washed in an aqueous alcohol
solution under ultrasound. The measurements were carried out at a load of 0.98 N (100 g), the duration of exposure under
load was 10 seconds.

2.5. Optical and spectral properties

The change in the moisture content and carbon-containing impurities in the powders with an increase in annealing
temperature was controlled using Fourier-transform infrared spectroscopy (FTIR). A Perkin Elmer Spectrum 65 FT-IR
spectrometer was used to register FTIR spectra in the 400-4000 cm ™ region.

Diffuse reflectance spectroscopy (DRS) data were used to determine the band gap energy E, of InFeZnO, oxide.
Diffuse reflectance spectra (R) were obtained using the Ocean Optics modular optical system (QE65000 detector, HPX-
2000 xenon source, integrating sphere ISP-80-8-R with a diameter of 80 mm). Measurements were carried out in the
wavelength range from 200 to 1000 nm. The Ocean Optics WS-1 standard from polytetrafluoroethylene was used as
a reference sample. The E, value was calculated using the Tauc plot in coordinates (F(R)-hv)"-hv, where F(R) is the
Kubelka—Munk function equal to (1-R)?/2R, h is Planck’s constant, v is the frequency of incident radiation, n is a constant
characterizing the type of transition (n = 1/2 and n = 2 correspond to indirect and direct transitions, respectively).

3. Results and Discussion
3.1. Results of XRD and FTIR studies of synthesized powders

Fig. 1(a) demonstrates XRD patterns of powders before (profile 1) and after (profiles 2—4) solid-phase product an-
nealing formed as a result of heating and thermal decomposition of an initial reagent mixture. A blurred halo can be noted
on the XRD pattern of the unannealed sample (profile 1), observed in the existence region of the main diffraction lines
of InFeZnO, oxide (26 = 28-38°). Furthermore, the absence of any diffraction maxima indicates the X-ray amorphous
nature of the powder in question. Its FTIR spectrum is shown in Fig. 1(b) (spectrum 1). The absorption bands observed
in the region of 1600—1700 cm ™! can be attributed to deformation vibrations of the —OH bonds of water molecules, while
the wide band at 3355 cm™! can be attributed to valence ones [23]. The presence of these bands in the FTIR spectrum
of the X-ray amorphous powder allows us to conclude that there is sorption of water vapor on the surface of its particles.
The bands located in the region of 1450—1300 cm ™! and at 800 cm ™" are related to stretching vibrations of N-O bonds
and bending vibrations of the NO3  group [23-25]. From the FTIR spectrum of the sample annealed at a temperature of
600°C, the intensity of the absorption bands connected with the presence of moisture and organic impurities can be seen
to decrease markedly. In addition, wide diffraction peaks appear on the XRD pattern of this powder (Fig. 1(a), profile 2),
indicating a high degree of dispersion and imperfection in the crystalline structure of the formed phase.

An increase in the annealing temperature to 800°C leads to that in the intensity of diffraction maxima relating to the
InFeZnO, phase (Fig. 1(a), profile 3). Moreover, intense absorption bands (478 cm ™! and 532 cm ™) appear on the FTIR
spectrum of this powder due to vibrations of metal-oxygen bonds. The bands observed above 1000 cm~* (Fig. 1(b),
spectrum 3) disappear completely, indicating dehydration of the sample and the absence of carbon-containing residues in
it. Fig. 1(b) (spectrum 4) shows that powder annealing at 1000°C has almost no effect on the shape and position of the
bands in the FTIR spectrum. In addition, the diffraction maxima become narrower and more intense (Fig. 1(a), profile 4),
which indicates the continuous ordering and improvement of the InFeZnO, crystal structure.

3.2. Thermal behavior of the gel

In order to establish the temperature range in which the formation of the crystalline phase of InFeZnO, occurs,
the features of thermal decomposition of the gel prepared by evaporation of an initial reagent mixture are investigated.
The results of TG and DSC of the test sample in the range of 25-1000°C are shown in Fig. 2(a,b). Analysis of the
thermogram and its first derivative in temperature (DTG) (Fig. 2(a)) shows that the thermal decomposition of the gel
occurs in several stages. At the first stage which is observed in the range of 60-267°C, the test sample loses almost half of
its mass (46.82%). This process is accompanied by a complex endothermic effect (63—234°C) with a minimum at 144°C
(Fig. 2(b)). The significant mass loss appears to have been caused by the removal of moisture, nitrogen oxides, and gaseous
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F1G. 1. (a) XRD patterns and (b) FTIR spectra of powders obtained after annealing of a precursor
formed as a result of thermal decomposition of the dehydration product of an initial reagent mixture

organic compounds produced as a result of the destruction of organo-inorganic products formed after dehydration of the
initial reagent mixture. When there is a further increase in temperature, a less intense exothermic effect appears on the
DSC curve (=370-420°C), having a maximum at 392°C. The mass loss corresponding to this effect occurs in the range of
267-430°C and is 18.22%. It can be assumed to be related to the continued removal of gaseous decomposition products.
Ultrafine particles of InFeZnOy4 begin to form at 370°C alongside with this process. This is supported by the absence of
thermal effects above 430°C (Fig. 2(b)) and the results of XRD (Fig. 1(a), profile 2), according to which oxide particles
with a CSR size of ~ 15 nm are formed at temperatures below 600°C. A slight mass loss (2.56%) which completes at
a temperature of ~778°C (Fig. 2(a)) is connected with the final removal of carbonaceous residues and surface-adsorbed
water, which is confirmed by the results of FTIR spectroscopy (Fig. 1(b), profile 3).
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FIG. 2. (a) TG/DTG and (b) DSC curves of the gel

3.3. Microstructural characteristics of InFeZnO, powder

SEM images showing the change in the InFeZnO, powder microstructure with an increase in the annealing tempera-
ture from 800°C to 1200°C are shown in Fig. 3 (a—c). They show that the powder annealed at 800°C for 4 hours (Fig. 3(a))
has a cellular microstructure formed by very small grains without an apparent crystalline cut, which is consistent with
XRD data. The average size of the crystalline grain of the InFeZnO, phase, which is assumed to be equal to the average
size of the CSR, is 36 nm. When the annealing temperature rises to 1000 ° C, it increases to ~90 nm. This correlates with
the SEM data (Fig. 3(b)) showing that the grain size of InFeZnO, is noticeably enlarged. An increase in the annealing
temperature to 1200°C leads to the production of a microcrystalline powder consisting of well-faceted InFeZnO, grains
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with a size of 2-5 pm (Fig. 3(c)). The XRD pattern of this powder is shown in Fig. 3(d). Its analysis demonstrates that
all observed diffraction maxima relate to InFeZnOy4. The parameters of its unit cell (s.g. R-3m; Z = 3) are: a =3.3194(1)
A; ¢ =26.13104) A; V =249.35(1) A%, pxrp = 5998 kg/m>. Thus, the results of XRD and SEM reveal that an in-
crease in the annealing temperature of the X-ray amorphous powder (Fig. 1(a), profile 1) does not lead to the appearance
of secondary phases and is accompanied only by the enlargement of the InFeZnO, grains and the improvement of their
crystalline faceting.
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FIG. 3. (a-c) SEM images of InFeZnO, powder annealed at temperatures of 800°C, 1000°C and
1200°C for 4 hours in air. (d) XRD pattern of the powder annealed at a temperature of 1200°C

3.4. Structure and mechanical properties of InFeZnQ, ceramics

It is preferable to use powders with particle sizes varying within a few tens of nanometers for the manufacture of
fine-grained and non-porous ceramics. In this regard, a nanocrystalline powder annealed at a temperature of 800°C is
used to produce a dense and structurally homogeneous sample of InFeZnO, ceramics. A typical image of the ceramics
obtained from this powder is shown in Fig. 4(a). It has a uniform dark brown staining, and its surface has no cracks
after sintering. SEM images of the cleavage of InFeZnO4 ceramics at different magnifications are shown in Fig. 4(b,c).
The SEM examination also revealed no cracks (Fig. 4(b)), which indicates the correctness of the parameters chosen for
the manufacture of ceramics. Fig. 4(c) clearly shows that the ceramic structure is formed by large (up to several tens of
micrometers) grains with a layered structure. It can also be noted that single small pores with a diameter of 1-2 microns
are visible on the surface of the cleavage, which indicates a quite high density of ceramics. Its density, which is found
using the geometric method, is 5160 kg/m?, which is ~86% of the theoretically possible one.

The analysis has shown that there are no data on Vickers microhardness for InFeZnO, and related oxides in the
literature so far. According to the results of testing InFeZnO4 ceramics for microhardness using the Vickers method, the
average value of its microhardness number is found to be 216.34+-35.0 (2.12£0.34 GPa). To evaluate the hardness class of
InFeZnO,, the ratio proposed by Khrushchev [26] was used (Eq. (1)):

Hy = 0.675 x H'/3,

where Hy is the hardness class on a 15—point scale, in which graphite corresponds to 1 and diamond to 15; H is the
experimental value of the microhardness number, expressed in kgf/mm?. According to the results of calculation using Eq.
(1), the hardness class of InFeZnO, ceramics on the Khrushchev scale is 4.1, which is comparable in magnitude to Hy
for such minerals as zincite and sphalerite (3.6—4.6) [27]. In terms of classification of minerals and synthetic materials by
their hardness numbers [27], InFeZnO4 can be attributed to materials of medium hardness (1.18-5.40 GPa).

3.5. Calculation of the band gap energy of InFeZnO,

To date, the optical properties of InFeZnO,4 have not been extensively studied. Narendranath et al. [20] determined
the band gap of this oxide from the DRS data under the assumption of an indirect transition (E, = 2.85 eV). However, the
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FIG. 4. (a) Digital image of InFeZnO, ceramics sintered at a temperature of 1350°C for 4 hours in air.
(b, ¢) SEM images of the cleavage surface obtained at different magnifications

spectrum obtained by the authors contains many bands that can be attributed to both direct and indirect transitions [28]. On
the other hand, when determining the E, value of the isostructural oxides InGaZnO, [3] and InGaMgO, [29], the analysis
was conducted under the assumption of direct transitions, though this choice was not discussed by the authors. Since there
is no information about the type of optical transitions in InFeZnO,, the data that we obtained from the DRS (Fig. 5(a)) are
presented in Tauc plot both under the assumption of direct and indirect transitions (Fig. 5(b)). For both cases, the band gap
energy was found by extrapolating the linear section of the graph of the dependence (F(R)-hv)™ from hv to the abscissa
axis. The value of E; InFeZnO,4 under the assumption of an indirect transition (n = 1/2) is 1.544-0.01 eV, and for a direct
transition (n = 2) it is2.2540.01 eV. Both values obtained turn out to be noticeably lower compared to the previously
published one in [20]. The reason for this discrepancy is not obvious, however, it can be assumed that the difference in E,
values is due to the fact that InFeZnO, samples obtained by different synthesis methods differ in their phase composition,
as well as in the degree of dispersion and structural defects. The InFeZnO4 sample obtained by solid-phase synthesis has
a larger particle size compared to that synthesized in this work. Additionally, Narendranath et al. [20] note the presence
of ZnFe, Oy, impurity, which is not observed in our case.

3.6. Evaluation of InFeZnO, radiation resistance

Further, we will consider several criteria that allow us to draw a conclusion about the ability of the material to
resist ionizing radiation. Structural changes occurring in a solid when exposed to intermediate (~10'3-10¢ jons/cm?)
and high (>10'7 ions/cm?) doses of high-energy ion irradiation can be reliably predicted using the criteria proposed by
Naguib and Kelly [30]. The first of them is that the amorphization of a crystalline solid must occur if the ratio of its
crystallization temperature (T¢) to the melting temperature (T,,) exceeds 0.30. The second criterion is based on the fact
that the amorphization is most likely if the ionicity of the compound is f <0.47. Moreover, compounds with f values
in the range from 0.47 to 0.60 may be capable of both amorphization and preservation of their crystal structure under
irradiation. The melting point of InFeZnO, is unknown, but the authors [9] established that this compound is thermally
stable when heated to 1550°C. Therefore, in a rough approximation, this temperature can be assumed to be equal to the
melting point. The temperature of the onset of crystallization of InFeZnQ,, estimated from the DSC data (Fig. 2(b)), is
approximately 370°C. The calculated value of the T¢/T,, ratio for the oxide studied is ~0.33>>0.30, which indicates the
possibility of its amorphization under irradiation. The ionicity of InFeZnO, is estimated by the Pauling equation using the
electronegativity values of atoms from [31]. According to the calculation results, the ionicity is 0.528. The value obtained
falls within the range between 0.47 and 0.60, which does not allow us to draw an unambiguous conclusion about the
structural changes that can occur in InFeZnO, under irradiation. It can be noted that zinc ferrite ZnFeoO4 has the closest
f value (0.535) to InFeZnOy. Satalkar et al. demonstrated [32] that as a result of irradiation of nanocrystalline ZnFeoO,
with 16057 ions with an energy of 80 MeV and fluence up to 2x 10'* ions/cm?, only a slight increase in the volume of the
unit cell (up to 0.64%) and a change in the degree of cationic disordering can be observed. The formation of other phases
(crystalline or amorphous) has not been detected [32]. Furthermore, irradiation of a ceramic spinel sample with heavy Xe
ions with an energy of the order of several GeV and a fluence of 6x 10! ions/cm? results in the formation of amorphous
latent tracks [33]. Therefore, it can be concluded that their formation is expected in the case of InFeZnO,4. Moreover,
this oxide can also be assumed to have a higher radiation resistance in the nanocrystalline state. Taking into account the
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promising thermophysical and mechanical properties of InFeZnOy, it can be summed up that nanoscale materials on its
base may be suitable for use as radiation-resistant protective coatings with special thermal properties.

4. Conclusions

In this paper, the experimental results on the production of InFeZnO,4 oxide from an X-ray amorphous powder formed
during the thermal decomposition of dehydration products of a PVA mixture and metal nitrate solutions are considered.
The results of thermal analysis (TG/DSC) of the gel allow us to conclude that the ultrafine phase of InFeZnO, is formed
in the range of 370-420°C. It is found by XRD that the solid decomposition products are in an X-ray amorphous state,
and their annealing at temperatures of 600-800°C gives rise to the formation of a single-phase nanocrystalline powder
InFeZnO,4 with a particle size of 15-36 nm. According to SEM data, the powder annealed at 800°C has a homoge-
neous, cellular microstructure formed by very small and poorly faceted grains, which correlates with the results of X-ray
diffraction analysis. The absence of moisture and organic residues in it is confirmed by FTIR spectroscopy. InFeZnO4
microcrystalline ceramic materials were produced using this powder. Their relative density after sintering at a tempera-
ture of 1350°C for 4 hours in air is 86% of the theoretical one. SEM studies have shown that a homogeneous and dense
ceramic structure consisting of grains > 10 microns in size are obtained as a result of sintering. The microhardness of
InFeZnO, ceramics, measured by the Vickers method, is 2.12 GPa. The result obtained makes it possible to classify the
manufactured ceramics as materials with medium hardness. According to DRS data, it is revealed that the E, value of
InFeZnO, oxide, assuming indirect band transitions, is 1.54 €V, and for direct band transitions it is 2.25 eV. In order to
predict structural changes that occur under ionizing radiation, criteria are also calculated, which allowed for the ionicity
f of InFeZnO, and the ratio of its crystallization and melting temperatures (T</T,,). Analysis of the calculated values
of f and T¢/T,, allows us to conclude that irradiation of this material with intermediate or high doses of high-energy
ions is most likely to result in its partial amorphization. These preliminary conclusions can be taken into account while
conducting experiments aimed at changing the functional properties of InFeZnO, by high-energy ion irradiation, as well
as in the manufacture of coating materials and devices exposed to ionizing radiation, including cosmic radiation.
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