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Abstract

The phase interaction in the Fe203-Gdz03 system at 1300 and 1400 °C were studied across the full concentration
range using X-ray diffraction (XRD) and scanning electron microscopy (SEM). Samples, prepared in 1-5 mol%
composition increments, were obtained by dissolving the oxides in HNO; (1: 1), evaporating the solutions, and
decomposing the nitrates at 800 °C for 2 h. The resulting powders were pressed at 10 MPa into 5 mm x 4 mm pellets
and heat-treated in air at 1300 °C (300 h) and 1400 °C (100 h). The phase composition was determined using X-ray
diffraction (XRD, DRON-3) and microstructural analysis (Superprobe-733, JEOL, Japan; Palo Alto, California, USA).
At 1300 and 1400 °C, the isothermal sections of the Fe,0;-Gd,03; phase diagram comprise four single-phase regions
(B-Gd»03, GdFeO3(R), Gd;Fes0,,, Fe,03) and three two-phase regions (B-Gd,0; + GdFeO;, GdFeO; + GdzFe502,
GdsFes0,; + Fe;03). The concentration dependence of the unit cell parameters for phases in the studied system was
established. In the Fe,03-Gd,03 system at 1300 and 1400 °C, an ordered perovskite-type phase with orthorhombic
distortion (GdFeO3) is formed. Its homogeneity range at both temperatures extends from 48 to 52 mol.% Gd,O0s.
Keywords: phase equilibria; iron oxide; gadolinium oxide; perovskite-type; solid solutions; lattice parameters.
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AHoTanin

Jocaigxeni ¢asoBi cniBBigHOmEeHHs B cucremi Fez:03-Gdz03 3a 1300 Tta 1400 °C B ycbOMy KOHIEHTpaLiifHOMY
iHTepBani 3a gomomorolo peHTreHiBcbkoi gudpaxnii (XRD) Ta ckaHywo4oi eneKTpoHHoi Mikpockomii (SEM).
KoHneHTpaniiiHuii Kpok craHoBUB 1-5Mo0s1.%. Tagouiniii (III) okcua po3uuHsaau B HNOs3 (1:1) 3 moAansmium
BUIIAPOBYBAaHHAM PO34YMHIB Ta po3KJjaAaHHAM HiTpaTiB 3a 800 °C npotarom 2 roz. [lopomky npecyBaiu Ni THCKOM
10 MIla B Ta6/1eTKH AlamMeTpoM 5 MM Ta BUCOTOI 4 MM. TepMo0o6po6Ky 3pa3kiB npoBoausm 3a 1300 °C (300 rog) Ta
1400 °C (100roa) y moBitpi. JocaigkeHHa ¢a30BOro ck/jiajgy NHPOBOAUIU 3 BUKOPHCTAHHAM pPEeHTreHiBCbKOI
audpaknii (XRD, DRON-3) Ta MIKpPOCTPYKTypHOro aHajisy (Superprobe-733, JEOL, fAmnonisa, Ilaso-AnbTo,
KanidopHnis). 3a remnepatyp 1300 Tta 1400 °C i3oTepmiuHi nepepisu ¢pa3zoBoi giarpamu Fe,03-Gd,03 cki1azawThCs
3 YOTUPHOX 0JHOGa3HMX 30H (B-Gd,03, GAFeO3(R), Gd3Fes04,, Fe,03) Ta Tphox ABoda3HuX 30H (B-Gd,03+GdFeO3,
GdFe03+Gds;Fes04;, GdsFes;0,,+Fe,03). IloGyaoBaHi 3ajie:kHOCTI mapaMeTpiB esieMeHTapHOi KoMipku ¢a3s Bij
KOHIeHTpalii y gocaigxkyBaHiit cucremi. s cucremu Fe,03-Gd,03 3a 1300 Ta 1400 °C xapakTepHe YTBOpPEHHA
BIOPSIAKOBAHOI NMepPoOBChbKiTHOI ¢a3u 3 pomGiyHMM cnoTBopeHHAM (GdFeOs3). Y cucremi Fe203-Gdz03 3a 1300 Ta
1400 °C yTBOPIOETLCA BNOpAAKOBaHA ¢asa TUNy MePOBCKITy 3 poMGiynuM cnoTBopeHHAM (GdFeO3). ii o6aacTs
rOMOTreHHOCTi 32 060X TeMIlepaTyp CTaHOBUTD Bif 48 A0 52 M01.% Gd,0s;.

Karouosi cnoea: daszosi piBHoBary; deppym (I1I) oxcup; ragosniniit (I1I) oxcuj; nmepoBcKiT; TBepAi po34MHU; MapaMeTpu
eJleMeHTapHOI KOMIipKH.
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Introduction

Oxides of transition and rare-earth elements
remain the subject of intensive research due to
their wide range of functional properties, which
determine their suitability for use in electronics,
spintronics, magnetic technologies, and
biomedicine. In particular, iron oxide (Fe,03) and
gadolinium oxide (Gd,03) are of interest both
individually and as part of multicomponent
systems, as they combine magnetic activity,
thermal stability, chemical inertness, and the
ability to form complex crystalline phases [1].
Fe,03 is a well-known ferromagnetic material
used in pigments, magnets, sensors, and storage
devices. Gd,03, in turn, is characterized by high
paramagnetic susceptibility, as well as radiation
and thermal stability, which makes it a promising
component in laser technology, nuclear reactors,
and as a contrast agent for magnetic resonance
imaging (MRI) [2]. The combination of Fe,03; and
Gd,03 in the form of composites, nanostructured
materials, or solid solutions allows the creation of
functional systems with enhanced properties,
such as bimodal magnetic contrast (T;/T5), high
resistance to aggressive environments, and stable
operation over a wide temperature range [3-5].
Orthoferrites of rare earth elements with the
general formula LnFeO; (where Ln = La-Lu)
belong to the class of oxide perovskite phases
with orthorhombic symmetry (space group

Pbnm) [6-15]. Due to the combination of
characteristic structural features and
multifunctional  physicochemical properties,

these compounds are widely used in spintronics,
magneto-optics, photocatalysis, sensor systems,
and biomedical technologies [6-15]. Hybrid
Fe,03-Gd,0; nanoparticles have already been
successfully employed as theranostic agents,
combining tumor imaging with targeted drug
delivery [16-17]. Moreover, these materials
demonstrate promising potential in adaptive
magnetorheological fluids, magnetic
refrigeration, sensing technologies, and high-
frequency electronics [18-19].

The phase interaction between Fe,0; and
Gd,03 is of particular significance. According to
Musi¢ and co-workers [20-21], the system forms
a-Fe,03, GdFe0s, GdsFes04,, and Gd,0sz phases
depending on temperature and stoichiometry.
Gamma-ray resonance (Mossbauer) spectroscopy
confirms the absence of solid solution formation,
instead revealing the presence of well-defined
crystalline phases. Diffusion studies in vapor at
1200-1400 °C show parabolic growth kinetics of
GdFeO; (perovskite) and GdsFes;0;, (garnet)

layers, associated with limited diffusion of the
corresponding ions: Gd** and 0% for the garnet,
Fe3* and 0% for the perovskite [22]. The
obtained activation energy values (¥550 k] mol™*
for Gds;Fes0;, and ~400 k] mol™* for GdFeOs)
indicate the complexity of phase formation
processes in this system.

Modern research also explores
mechanochemical, thermochemical, and
electrochemical methods for synthesizing such
materials. In particular, electrolysis of an oxide
mixture in molten CaCl, (the FFC Cambridge
process) enables the formation of intermetallic
phases Gd,Fe;; and GdFe, at 900 °C [23], offering
promising prospects for producing next-
generation magnetic materials directly from
oxide precursors.

Therefore, the investigation of
thermodynamics, = phase  equilibria, and
compound morphology in the Gd,03-Fe,03
system is relevant from both scientific and
practical perspectives. This study aims to
examine phase interactions in the iron oxide-
gadolinium oxide system and to determine the
homogeneity limits of the resulting phases.

Materials and Methods

Gd;0; with a main component content of
99.99 %, Fe(NO3)3-9H,0, and nitric acid were
employed as the starting materials. Samples with
different iron oxide Fe,03; contents (from O to
100 mol%) were obtained from nitrate solutions
of gadolinium (Gd3+) and iron (Fe3*). After
evaporation of the solutions, they were
decomposed at 800 °C for 2 hours. Solutions of
Gd3* nitrates were obtained by dissolving
gadolinium oxide in nitric acid. The resulting
powders were pressed at 10 MPa into 5 mm x 4
mm pellets. To study phase relationships at 1300
and 1400 °C thermal treatment of as-prepared
samples was carried out in two stages: at 1100 °C
(for 100 h in air) and then at 1300 °C (for 300 h
in air) and 1400 °C (for 100 h in air) in the
furnaces with heating elements based on Fecral
(H23U5T) and Superkanthal (MoSiz),
respectively. The heating rate was 3 °C/min-*.

The phase composition was determined using
X-ray  diffraction (XRD, DRON-3) and
microstructural analysis (Superprobe-733, JEOL,
Japan; Palo Alto, California, USA).

For the analysis of the phase composition, a
DRON-3M X-ray diffractometer (CuKa radiation,
nickel filter) was used. The scanning speed of
0.05-0.1° 26/min was employed in the 15° to
90° 26 range. Lattice parameters were refined by
least squares fitting using the LATTIC program.
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The effective precision of the measurements was
+0.0002 nm. Phase composition has been
determined with the aid of International powder
standards (JSPDS International Center for
Diffraction Data 1999). The homogeneity of the
powders was evaluated by scanning electron
microscopy (SEM). Elemental analysis of the
samples was carried out by X-ray spectral
microanalysis.

Results and discussion

The chemical and phase compositions in
Fe;03-Gd,03 system annealed at 1300 and
1400 °C with lattice parameters are summarized
in Table 1, Table 2 and Table 3, respectively. The
results were used to plot the isothermal section
of the Fe;03-Gd»03 phase diagram at 1300 and
1400 °C (Fig. 1).

T,°C
1400) @ @ O (] CJ.O (CNO) KU @ o o
GdFegOyp *Fe 0, " 5600 TR
1300 -)\\O >0 >0 OO @ > o
4
Fe, 04 4
] Gd,Fe 0 B-Gd,0
375712 Gd4Fe;0,, +R 274
1200 LI L AL . I L L L
0 10 20 30 40 50 60 70 80 90 100
Fe,0, mol % Gd,0,

Fig. 1. Isothermal section at 1300 and 1400 °C for the system Fez03-Gdz0s (© - single-phase samples, © - two-phase
samples)

Table 1

Phase composition and lattice parameters of the phases in the Fez03-Gdz03 system, annealed at 1300 °C for 300 h in

air (XRD and SEM data)
Chemical Phases by XRD Lattice parameters of the phases
composition, 0+ 0.0002, nm
mol%
Fe203  Gd203 R Fe203 B-Gd203
a b c a c a b c B
100 0 Fe203 0.511 1.382
95 5 Fe203 + GdzFes5012 0.504 1.375
90 10 Fe203 + GdsFes012 0.505 1.369
85 15 Fe203 + GdsFes012 0.503 1.377
70 30 Fe203 + GdsFes012
65 35 GdsFes012
63 37 R + GdsFes012
60 40 R + GdsFes012
55 45 R + GdsFes012 0.560 0.764 0.533
51 49 R 0.559 0.766  0.533
50 50 R 0.558 0.766  0.535
49 51 R 0.559 0.766 0.534
45 55 R +B-Gd203 0.560 0.782 0.532 1.410 0.326 0947 7892
30 70 R +B-Gd203 0.560 0.765 0.534 1.432 0.344 0.896 86.47
15 85 R +B-Gd203 0.559 0.767 0.532 1.429 0.351 0978 89.89
5 95 R +B-Gd203 1.515 0.358 0958 92.15
2 98 B-Gd203 1.442 0.357 0.879 84.86
1 99 B-Gd203 1.437 0.354 1.012 85.78
0.5 99,5 B-Gd203 1.441 0.354 0938 86.74
0 100 B-Gd203 1.409 0.357 0.876  100.0
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Table 2
Phase composition and lattice parameters of the phases in the Fe203-Gd203 system, annealed at 1300 and 1400°C in
air (XRD and SEM data)
Chemical composition, Phases by XRD Lattice parameters of the GdsFes012 phase
mol% 0+ 0.0002, nm
Fe203 Gd203 1300 1400
a a
95 5 Fe203 + GdsFes012 1.249 1.243
90 10 Fe203 + GdsFes012 1.250 1.244
85 15 Fe203 + GdsFes012 1.249 1.245
70 30 Fe203 + GdsFes012 1.247 1.246
65 35 GdsFesO12 1.246 1.246
63 37 R + GdsFes012 1.245 1.245
60 40 R + GdsFes012 1.245 1.245
55 45 R + GdsFes012 1.248 1.240
Table 3
Phase composition and lattice parameters of the phases in the Fe203-Gd203 system, annealed at 1400 °C for 100 h in
air (XRD and SEM data)
Chemical Phases by XRD Lattice parameters of the phases
composition, 0+£0.0002, nm
mol%
Fe203  Gd20 R Fe203 B-Gd203
3 a b a c a b c B
100 0 Fe203 0.511 1.382
95 5 Fe203 + GdsFes012 0.503 1.374
90 10 Fe203 + GdsFes012 0.503 1.369
85 15 Fe203 + GdsFes012 0.503 1.371
70 30 Fe203 + GdsFes012
65 35 GdsFes012
63 37 R + GdsFes012
60 40 R + GdsFes012
55 45 R + GdsFes012 0.560 0.764 0.533
51 49 R 0.559 0.766  0.533
50 50 R 0.558 0.766  0.535
49 51 R 0.559 0.766  0.534
45 55 R + B-Gd203 0.560 0.782  0.532
30 70 R + B-Gd203 0.560 0.765 0.534 1.437 0.358 0.858 86.80
15 85 R + B-Gd203 0.559 0.767  0.532 1434 0370 0.872 90.28
5 95 R + B-Gd203 1434 0354 0.882 91.25
2 98 B-Gd203 1.435 0.355 0.870 91.56
1 99 B-Gdz03 1436 0357 0.859 9157
0.5 99,5 B-Gdz03 1.405 0.320 0.873 79.75
0 100 B-Gd203 1.409 0.357 0.876  100.0

According to SEM and XRD analyses, Figs. 2, 3,
4 respectively, there are Gd;03, Fe;03, Gd3Fes012
and GdFeOs (R) phases in the Fe;03-Gd:03
system at 1300 and 1400 °C.

In the system Fe;03-Gd»03 at 1300 and 1400
°C, an ordered phase of perovskite-type with
orthorhombic distortion has been revealed. It
was found that at 1300 °C and 1400 °C, the
homogeneity region of the GdFeOs (R) phase is in
the range from 48 to 52 mol% Gd:03, Fig. 5a, b, c.
The lattice parameters of the unit cell R phase

varies from a = 0.563 nm, b = 0.764 nm, ¢ = 0.533
nm in two-phase sample (GdsFesO:2 + R),
containing 40 mol % Gdz03-60 mol % Fe;03to a =
0.561 nm, b =0.768 nm, ¢ = 0.535 nm for the solid
solution of boundary composition, containing 50
mol % Gd03-50 mol % Fe,03 (Table 1).

It should be noted that in the Fe;03-La;03 and
Fe;03-Nd;03 systems at 1300 and 1400 °C, the
perovskite phase has a clearly defined
stoichiometric composition, not a region [24-25].
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a - 5 mol % Gd203-95 mol % Fez03; b - 15 mol % Gd203-85 mol % Fe203; ¢ - 45 mol % Gd203-55 mol % Fe203; d - 49
mol % Gdz03-51 mol % Fez03; e- 70 mol % Gdz03-30 mol % Fe203; f- 98 mol % Gd203-2 mol % Fe203

Fig. 2. SEM microstructures of the samples in the definite field of compositions of the system Fe203-Gd203 heat-
treated at 1300 °C
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a - 5 mol % Gd203-95 mol % Fez03; b - 15 mol % Gd203-85 mol % Fe203; ¢ - 45 mol % Gdz03-55 mol % Fe203; d - 49
mol % Gdz03-51 mol % Fez03; e- 70 mol % Gd203-30 mol % Fe203; f- 98 mol % Gd203-2 mol % Fe203

Fig. 3. SEM microstructures of the samples in the definite field of compositions of the system Fe203-Gd203 heat-
treated at 1400 °C
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a - 0 mol % Gd203-100 mol % Fe203; b - 5 mol % Gd203-95 mol % Fe203; ¢ - 65 mol % Gd203-35 mol % Fe203; d - 45
mol % Gdz03-55 mol % Fez03; e- 50 mol % Gdz03-50 mol % Fez03; f- 95 mol % Gdz03-5 mol % Fez03; g - 99 mol %
Gd203-1 mol % Fe203

Fig. 4. XRD of the samples in the definite field of compositions of the system Fez03-Gd203 heat-treated at 1300 °C
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Fig. 5. Concentration dependence of lattice parameters for solid solutions based on R in the system Fe203-Gd203 heat-
treated at 1300 (a) and 1400 (b, c) °C
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It was found that at 1300 °C and 1400 °C, the
homogeneity region of the GdsFes01, phase is in
the range from 34 to 37 mol% Gd»03, Fig. 6. The
lattice parameters of the unit cell GdsFesOi
phase varies from a = 1.247 and 1.245 nm in two-
phase samples (GdsFesOz + Fe;03 and
GdsFesO12+ R), containing 30 mol % Gd»03-60

1.250 +
1.249

1.248

a(Gd,Fe,O,,), nm
N
-7
1

1.246

1.245 A

Fe,0,+Gd;Fes0,,

mol % Fe;03 and 37 mol % Gd»03-63 mol % Fe;03
to a = 1246 nm in single-phase sample for

composition, containing 35 mol % Gd,03-65 mol
% Fe;03 (Table 1, Fig. 6).

In the Fe;03-Nd;03 system at 1300 and 1400
°C, the cubic phase of the LnsFes01 type does not
form [25].

R+Gd;Fes0 45
T J 1

5 10 15

T T
T 3 a7

—
25 30 35 40 45

mol %, Gd,0,

Fig. 6 Concentration dependence of lattice parameters for solid solutions based on GdsFes012 in the system Fe203-Gd203
heat-treated at 1300 °C

Gd;03 forms solid solutions based on the
monoclinic modification. Using concentration
dependencies of the parameters of the unit cell, it
was shown that the homogeneity region of solid

1,409
1,441

1,437 4

1,442
E
€ 1515
% 1,429 4 ;
! B-Gd,0,
1,432 4 i
. R +B-Gd,0,
T T T T o7 T
50 60 70 80 90 100
mol %, Gd,0,

a)

solutions based on the B phase extends from 97
to 100 mol% Gd;03 at 1300 and 1400 °C, Table 1,
Table 2, Fig. 7.

0,876
0,873

0,859

E 0870+
o B-Gd,0,
G 0,882
0.874
— R +B-Gd,0,
U N T T T N 9‘7 T
70 80 90 100
mol %, Gd,0,
b)

Fig. 7. Concentration dependence of lattice parameters for solid solutions based on B-Gdz03 in the system Fe203-Gd203
heat-treated at 1300 (a) and 1400 (b) °C

The lattice parameters of the unit cell B-
Gd,03 phase varies from a = 1.515 nm, b = 0.358
nm, ¢ = 0.958 nm, § = 92.15 in two-phase samples
(B-Gd203 + R), containing 95 mol % Gd»03-5 mol
% Fe,03toa =1.442 nm, b = 0.357 nm, ¢ = 0.879
nm, B = 84.86 in single-phase sample for

composition, containing 98 mol% Gd203-2 mol%
Fe203 (Table 1).

The Fe;03 does not form regions of
homogeneity, Fig. 1, Table 1, Table 2.
Conclusions
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Phase equilibria have been studied in the

Fe;03-Gd,03 system at 1300 and 1400 °C. It has
been established that solid state interactions
between two oxides resulted in the formation of
phases (B-Gd:03, GdFeOs, GdsFes012, Fe;03). The
ordered phase GdFeOs; (R) has a homogeneity

region

of 48-52 mol% Gd;0s at both

temperatures. The homogeneity region of the
GdsFes012 phase is 34-37 mol% Gd»03 at 1300 °C

(1]

[10]
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