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A B S T R A C T   

The Gd2O3 – GdSrFeO4 pseudo-binary phase diagram is presented for the first time. The liquidus 
and eutectic temperatures, metatectic points of the Gd2O3 transformations in the Gd2O3 – 
GdSrFeO4 section were defined using the Schröder–Le Chatelier equation, neglecting the effect of 
the isobaric heat capacity. The calculations were based on experimental data on the melting 
points of the end-members and the eutectic composition. From the results of phase relationships 
studies (subsolidus and high temperature region including literature data as well) and the above 
approach the Gd2O3–GdSrFeO4 pseudo-binary phase diagram in the temperature range 
1400–2410 ◦C in air was constructed. 

It was shown that GdSrFeO4 of the K2NiF4- type is stable from 1100◦С to a congruent melting 
temperature of 1560◦С in air. The Gd2O3 – GdSrFeO4 system is eutectic with no intermediate 
compounds.   

1. Introduction 

Ferrites based on perovskite and Ruddlesden–Popper (RP) structure are attracting increasing attention as oxygen permeable 
membranes [1,2], high-Tc oxides [3], high temperature fuel cells [4–13], coal-fire magnetohydrodynamic generators [14,15], etc. The 
ceramic materials being considered are generally well studied, but for new systems the phase relations are usually unknown; therefore, 
the phase equilibria study should be a major part of the materials development. The thermal stability of the perovskite-like GdSr2FeO5 
and RP compounds GdSrFeO4, Gd2SrFe2O7 in the GdO1.5 – SrO – FeO1.5 ternary system has so far not been explored as well. The 
behavior and interaction of the components of the GdO1.5 – SrO – FeO1.5 system in a wide temperature range can be of practical 
interest, since they are included, among other things, in the composition of sacrificial materials [16,17]. 

The formation of three complex oxides with the perovskite-like structure: Gd2SrFe2O7 (GdFeO3: SrO = 2:1), GdSrFeO4 (GdFeO3: 
SrO = 1:1), GdSr2FeO5 (GdFeO3: SrO = 1:2) located in GdFeO3 – SrO section, as well as limited solid solutions of Gd1-xSrxFeO3-α, Gd1- 

xSr1+xFeO4, Gd2-xSr1+xFe2O7 was established in the subsolidus region of the GdO1.5 – SrO – FeO1.5 system (Fig. 1) [18–26]. No previous 
works have been done on the GdO1.5 – SrO – FeO1.5 system at high temperature. The literature survey on thermal stability, heat fusion 
or melting temperatures of the studied compounds (GdSr2FeO5, GdSrFeO4, Gd2SrFe2O7) showed the absence of data also. 

In the present work we focused on thermal stability of GdSrFeO4. GdSrFeO4 belongs to the Ruddlesden-Popper phases with the 
general chemical formula AA’BO4 (where A+3 = Rare-earth metal cation, A’+2 = alkaline-earth metal cation; B is Al or 3d metal). 
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GdSrFeO4 crystallizes in the K2NiF4-type crystal structure (space group I4/mmm) and consists of perovskite-like GdFeO3 sheets 
interleaved by rock-salt like SrO layers [27–29]. The subsolidus relations study in the GdO1.5 – SrFeO3-δ pseudobinary section (Fig. 1) 
showed the presence of only one compound formed: GdSrFeO4. GdSrFeO4 was observed to form at 1100 ◦C through the interaction of 
Gd2O3 and SrFeO3-δ [20,21]. No previous works have been done on phase equilibrium in the Gd2O3 – SrFeO3-δ system research in the 
high temperature region as such, but Gd2O3 thermal behavior has been studied [30–33]. Gd2O3 crystallizes in five polymorphic forms: 
low-temperature cubic (C), monoclinic (B), hexagonal (A), high-temperature hexagonal (H) and cubic phases (X) [30–33]. 

We have therefore conducted a systematic study of phase equilibria in the GdO1.5 – SrFeO3-δ system, which is relevant for the 
applications described above. Here the Gd2O3 – GdSrFeO4 pseudo-binary phase diagram is presented. 

2. Experimental 

GdSrFeO4 was prepared by a conventional solid phase ceramic synthesis from Gd2O3, Fe2O3 and SrCO3 powders (Table 1). 
On the initial stage of the synthesis, the reagents were calcined at 1000◦С for 2 h (Gd2O3), and at 300◦С for 2 h (SrCO3 and Fe2O3) 

prior to use. A correction for SrCO3 decarbonization was calculated using thermogravimetric data [18,19]. To synthesize single-phase 
GdSrFeO4, an excess of 5 mol. % SrCO3 was added over the stoichiometry of GdSrFeO4. The choice is due to a number of experiments 
based on literature data [13,34,35] on synthetic complexities of LnMBO4 (Ln = rare earth element; M = Mg, Ca, Sr, Ba; B––Al, Fe, Co) 
series. The main goal was to change the synthesis scheme of GdSrFeO4 to avoid the by-product Gd2SrFe2O7 formation [20]. Mixtures of 
reagents were weighed, then homogenized with a small amount of water and dried. The resulting powder was micromilled in an agate 
mortar and pressed into pellets at a pressure of 500 MPa. The pellets were sintered in air at 1100–1400 ◦C varying exposure times from 
5 to 35 h to study the formation mechanism and achieve a single-phase target product. The pellets were rapidly cooled to room 
temperature in air at the end of each heat treatment. 

Room temperature powder X-ray diffraction (XRD) patterns of samples were recorded using powder X-ray diffractometer Shimadzu 
XRD-7000 with the CoKα radiation. 

The microstructure and elemental composition of GdSrFeO4 after synthesis and melting were analyzed by scanning electron mi-
croscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) using a Quanta 200 scanning electron microscope equipped with an X- 
ray microanalyzer. The content of elements normalized to 100% was calculated using the ZAF correction procedure. 

The Mössbauer spectrum of GdSrFeO4 was acquired at room temperature; the 57Co isotope in the Rh matrix was used as a source 
(WissEl Mössbauer spectrometer, Wissenschaftliche Elektronik GmbH, Germany). The isomer shift value was determined relative to 
α-Fe. 

The thermal stability of GdSrFeO4 was investigated by visual thermal analysis on original design setup – a high-temperature mi-
croscope. A powder sample was placed in the middle of a U-shaped heater-holder composed of iridium wire. The experiments were 
carried out in air PO2 = 0.21 ·105Pa. Visible changes in the sample were captured using a high-speed camera. The melting temperature 

Fig. 1. Scheme illustrating the subsolidus phase relations in the GdO1.5 – SrO – FeO1.5 system in air at 1400 ◦C [16]. The section considered in the 
work is shown as dot line. 

Table 1 
Chemicals used for sample preparation.  

Chemical Name Formulae Structural type Source Purity according to Supplier, % 

Gadolinium (III) oxide Gd2O3 cubic modification Chemcraft, Russia 99.99 % 
Strontium carbonate SrCO3 aragonite type 99.99 % 
Iron (III) oxide Fe2O3 a-Al2O3 >99 %  
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was determined as the temperature at which the melt was spread over the looped holder. The errors in determining the melting 
temperature did not exceed 20 ◦C. More detailed construction of the high-temperature microscope and the measurement techniques 
have been described in Refs. [36,37]. 

3. Results and discussion 

The X-Ray results of samples (Fig. 2 a) heat treated at 1100–1300 ◦C for 5 h indicated the formation of target product GdSrFeO4 
along with SrFeO3-δ [38], Sr3Fe2O6 [39], GdSr2FeO5, Gd2SrFe2O7 in small amounts, and the residual quantity of unreacted Gd2O3 [40]. 
According to XRD data (Fig. 2 a), the further increase of sintering temperature up to 1400◦С, as well as exposure time for 5 h and 35 h 
led to the single-phase GdSrFeO4 preparation. The applied approach showed the change of GdSrFeO4 synthesis scheme with the 
GdSr2FeO5 formation at the beginning and its subsequent interaction with Gd2SrFe2O7. The second possible formation mechanism of 
GdSrFeO4 was proposed: 1/3 GdSr2FeO5 + 1/3 Gd2SrFe2O7––GdSrFeO4. 

Fig. 2. a) XRD patterns of samples heat treated in air at 1) 1100 ◦C, 2) 1200 ◦C, 3) 1300 ◦C, 4) 1400 ◦C for 5 h, and 5) 1400 ◦C for 35 h; b) scanning 
electron microscopy images and c) room Mössbauer spectrum of GdSrFeO4 synthesized at 1400 ◦C for 35 h [**-***] means ICDD database. 
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The X-ray data of GdSrFeO4 synthesized at 1400 ◦C for 35 h showed only the tetragonal GdSrFeO4 (Fig. 2 a, b, Tabl. 2) [20,22]. The 
GdSrFeO4 formation of the stoichiometric composition along with the X-Ray data and spectral microanalysis was confirmed by the 
Mössbauer spectroscopy (Fig. 2 c, Tabl. 3). Single-phase GdSrFeO4 Mössbauer spectrum (Fig. 2 c) showed the presence of one doublet. 
Mössbauer spectrum parameters of GdSrFeO4 are given in Table 3. Iron atoms were in a high-spin paramagnetic state, Fe+3, as evi-
denced by the given values of the isomer shift (Table 3). 

Fig. 3 shows micrographs reflecting the GdSrFeO4 crystallization under melting produced by high-temperature microscope. Ac-
cording to the SEM/EDS data, small eutectic areas of (GdSrFeO4+Gd2O3) (Ar 1-Ar 6, Table 2) in the matrix of GdSrFeO4 (P3–P10, 
Table 2) as well as particles of the Gd2O3-based phase (P1, P2 Table 2) were determined. These Gd2O3-bases particles are mostly 
located close to the eutectic areas. The eutectic microstructure is closed to dendrite-like. The composition of eutectic was measured to 
be FeO1.5, SrO ~30 mol. % and GdO1.5–40 mol.% (Table 2), or when converted to complex oxides: 57 mol.% GdO1.5–43 mol.% SrFeO3- 

δ or 15 mol.% Gd2O3 – 85 mol.% GdSrFeO4. The chemical composition of these regions, determined by the EDS method (Table 2), had 
similar values, which also confirmed their macrohomogeneous character. GdSrFeO4 melted congruently based on the invariance of the 
composition before and after fusion. The melting temperature of the considered compound was determined to be 1560 ± 20 ◦C. The 
result obtained was consistent with the decreasing melting temperatures trend for known ferrites LnSrFeO4 from 1900 ◦C (for Ln = La) 
[41], 1740 ◦C (Ln = Nd) [36] to 1535 ◦C (Ln = Eu) [42]. 

As mentioned above, no previous works have been done on the Gd2O3 – SrFeO3-δ system or its Gd2O3 – GdSrFeO4 section in the high 
temperature region. It is of interest to calculate the phase diagram for this system on the assumption that it is eutectic. If the ideal 
solution laws are assumed, it is possible to calculate the phase diagram for such pseudo-binary system. 

3.1. Methodologies for determining liquidus and eutectic temperatures 

The liquidus and eutectic temperatures, the metatectic points composition were estimated using the empirical Schröder–Le Cha-
telier equation, neglecting the influence of the isobaric heat capacity. 

For an ideal solution (and assuming that no solid solubility occurs) it can be written: 

ln xli =
ΔHm

∗
i

R

(
1

Tm∗
i

−
1
Tli

)

,

where R = 8.31 J K− 1 mol− 1; Tli stands for the liquidus temperature when the GdSrFeO4 component is added to the Gd2O3 component, 

Table 2 
Phases found by EDS in synthesized and cooled down from melt GdSrFeO4 samples.  

Sample (Fig.)a Analyzed area Sample composition (mol%) Phases observed 

FeO1.5 SrO GdO1.5 

Fig. 2 b Ar 32.66 35.00 32.34 GdSrFeO4 

P1 32.13 34.85 33.02 
P2 33.65 34.40 31.95 

Fig. 3 Ar 32.68 35.19 32.12 GdSrFeO4 

Ar1 28.93 29.95 41.12 Eutectics, 
GdSrFeO4 + Gd2O3 Ar2 28.75 30.85 40.40 

Ar3 29.18 28.38 42.44 
Ar4 27.77 29.19 43.04 
Ar5 28.90 30.10 41.00 
Ar6 30.77 30.77 38.46 
P1 14.48 18.67 66.31 Gd2O3 

P2 14.05 20.39 65.56 
P3 30.05 38.51 31.43 GdSrFeO4 

P4 34.87 37.25 27.88 
P5 33.38 36.20 30.42 
P6 33.30 34.85 31.86 
P7 31.43 37.14 31.43 
P8 32.32 35.57 32.11 
P9 32.35 35.18 32.46 
P10 30.68 37.09 32.27  

a Sample designation correlates with the micrographs presented in Figs. 2b and 3. 

Table 3 
Mössbauer spectrum parameters of GdSrFeO4.  

Oxide Fe ion Isomer shift, mm/s Quadrupole splitting, mm/s Content, % 

GdSrFeO4 Fe+3 0.33 ± 0.01 1.02 ± 0.01 100 

Data used. 
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K; xli is mole fraction of the ith component, ΔH∗
mi 

is the heat of fusion of the Gd2O3 component (J/(mol); Tm∗
i 

is the new calculated 
“imaginary” melting temperature required to determine the cusp of the liquidus curve when phase transitions of gadolinium oxide are 
taken into account. 

The initial data used for calculation were the melting temperatures of the end-members Gd2O3 and GdSrFeO4 of the Gd2O3 – 
GdSrFeO4 system, as well as data on the Gd2O3 phase transitions temperatures and heats [31–33,43], summarized in Table 4. The 
Gd2O3 heats of fusion are not known with any degree of reliability, so we proceeded from the assumption that the article from Ref. [33] 

Fig. 3. Microstructure image of GdSrFeO4 crystallization after fusion.  

Table 4 
Summary of the temperature and enthalpies of discrete transitions: C→B, B→A, A→H, H→X and X→L for Gd2O3. ASS: assessment; EST: estimation.  

Gd2O3 Phase transitions Source [31–33]/Techniques 

[31]/EST [32]/EST [33]/ASS 

Ttr (◦C) ΔHtr. KJ/mol Ttr (◦C) ΔHtr. KJ/mol Ttr (◦C) ΔHtr. KJ/mol axli 

C↔B 1152 5.325 – 9.0 1288 6.68 – 
B↔A 2170 6.300 2157 6.3 2110 3.40 0.66 
A↔H 2208 34.7 2197 34.7 2174 6.12 0.73 
H↔X 2360 12.03 2265 20.5 2369 6.61 0.95 
X↔L 2420 71.702 2420 92.0 2410 67.21 – 

Note. 
С – low-temperature cubic. 
В –monoclinic. 
А –hexagonal. 
Н – high-temperature hexagonal. 
Х – high-temperature cubic phase. 

a This work estimation done using the Schroder–Le Chatelier equation. 
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contained full analysis of previous works [31,32]. Besides the performed Te calculations with data on transition and fusion heats taken 
from Refs. [31,32] led to false results: to the elevated eutectic temperatures: 1690 ◦C and 1780 ◦C, respectively. 

Procedure for the step-by-step calculation of metatectic points composition and liquidus temperature was following: to calculate 
the composition of metatectic points at the phase transition at 2369 ◦C, the data of Table 4 were used: ln xl1 = 67210

8.314
( 1

2683 −
1

2642
)
. 

Further, the sum of the melting and phase transition heats at 2369 ◦C and the composition defined in the previous step were taken 

to determine T∗
m1

: ln 0.95 = 67210+6610
8.314

(
1

Tm∗
1
− 1

2642

)

. For mentioned calculations took Tli = Ttri - phase transition temperature. According 

to this example xl2 , T∗
m2

, xl3 , T∗
m3 

were successively determined, and then, on the basis of the last values, taking into account the 
composition of the eutectic determined from the experiment, Тe was defined. Thus the course of the liquidus curve was received. 

The eutectic point is located at 1490 ◦C and 85 mol.% GdSrFeO4 in the Gd2O3 – GdSrFeO4 system, based on Schröder-Le Chatelier 
equation calculation. The former requires confirmation. The phase transformations of Gd2O3 X↔H ↔ A ↔ B display on the liquidus 
curve as metatectic points at 2369 ◦C and 95 mol% Gd2O3, 2174 ◦C and 73 mol% Gd2O3, and 2110 ◦C and 66 mol% Gd2O3, respectively 
(Table 4). The phase transformation of Gd2O3 B ↔ C takes place at 1288 ◦C and does not display on the liquidus of the Gd2O3 – 
GdSrFeO4 system. Using these data and the equations above, the phase diagram can be computed. This has been done and the results 
have been plotted in Fig. 4. The eutectic line was drawn by a dotted line. The predicted GdSrFeO4 heat of fusion was determined to be 
62524.64 J/mol based on Schröder–Le Chatelier equation. 

4. Conclusion 

As the study result, the two GdSrFeO4 formation mechanisms were proposed: ½ Gd2O3 + SrFeO3-δ as well as 1/3 Gd2SrFe2O7 + 1/ 
3GdSr2FeO5. The formation of GdSrFeO4 through the interaction of Gd2O3 and SrFeO3-δ is considered to be more appropriate. 

For the first time the melting temperature and character of GdSrFeO4 were determined. GdSrFeO4 melts congruently at 1833 K 
(1560 ◦C). Assuming that thermal effects do not depend on temperature the liquidus lines of the Gd2O3–GdSrFeO4 pseudo-binary were 
calculated using the Schroeder–Le Chatelier method. From the results of phase relationships studies (subsolidus and high temperature 
regions) and the above approach the Gd2O3–GdSrFeO4 pseudo-binary phase diagram in the temperature range 1400–2410 ◦C in air 
was constructed. The eutectic point is at 1490 ◦C and 85 mol.% GdSrFeO4 in the Gd2O3 – GdSrFeO4 system, based on the Schröder-Le 
Chatelier equation calculation. The limitations of this calculation should not exceed 6 mol. % and 50 ◦C, taking into account the errors 
of each method. The eutectic microstructure was closed to the dendrite-like. The predicted GdSrFeO4 heat of fusion was estimated to be 
~62.5 kJ/mol. The obtained data can be used to enlarge the thermodynamic database for oxide systems as well. 

Fig. 4. Isobaric Gd2O3 – GdSrFeO4 pseudo-binary phase diagram.  
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[42] M. Drofenik, D. Kolar, L. Golič, Phase relations in the system SrO-Eu2O3-Fe2O3 and a new ternary phase Sr2EuFeO5, J. Less Common. Met. 37 (1974) 281–284, 
https://doi.org/10.1016/0022-5088(74)90043-5. 

[43] S.V. Ushakov, P.S. Maram, D. Kapush, A.J. Pavlik, M. Fyhrie, L.C. Gallington, C.J. Benmore, R. Weber, J.C. Neuefeind, J.W. McMurray, A. Navrotsky, Phase 
transformations in oxides above 2000◦C: experimental technique development, Adv. Appl. Ceram. 117 (2018) s82–s89, https://doi.org/10.1080/ 
17436753.2018.1516267. 

K.M. Kenges et al.                                                                                                                                                                                                     

https://doi.org/10.1134/S1087659609040129
https://doi.org/10.1134/S1087659609040129
https://doi.org/10.1016/j.ceramint.2016.11.182
https://doi.org/10.1134/S207005041702009X
https://doi.org/10.1007/s10973-016-5542-3
https://doi.org/10.1016/j.mtcomm.2021.102885
https://doi.org/10.1016/0304-5102(91)80075-E
https://doi.org/10.1016/0304-5102(91)80075-E
https://doi.org/10.1134/1.1312923
https://doi.org/10.1134/1.1312923
https://doi.org/10.1107/S0365110X57001929
https://doi.org/10.1016/0022-4596(70)90092-7
https://doi.org/10.1134/1.1466504
https://doi.org/10.1134/1.1466504
https://doi.org/10.1016/j.pmatsci.2006.09.002
https://doi.org/10.1063/1.4825256
https://doi.org/10.1063/1.4825256
https://doi.org/10.1016/j.calphad.2017.07.001
https://doi.org/10.1016/j.susc.2010.05.011
https://doi.org/10.1016/j.susc.2010.05.011
https://doi.org/10.1016/j.solidstatesciences.2003.11.005
https://doi.org/10.1134/S0036023622060237
https://doi.org/10.1134/S0036023622060237
https://doi.org/10.1016/j.jnucmat.2015.10.035
https://doi.org/10.1109/TMAG.1976.1059205
https://doi.org/10.1107/S0567740873006692
https://doi.org/10.1107/S0567740873006692
https://doi.org/10.1111/j.1151-2916.1957.tb12541.x
https://doi.org/10.1134/S1087659606060137
https://doi.org/10.1134/S1087659606060137
https://doi.org/10.1016/0022-5088(74)90043-5
https://doi.org/10.1080/17436753.2018.1516267
https://doi.org/10.1080/17436753.2018.1516267

	The Gd2O3 – GdSrFeO4 pseudo -binary phase diagram
	1 Introduction
	2 Experimental
	3 Results and discussion
	3.1 Methodologies for determining liquidus and eutectic temperatures

	4 Conclusion
	Funding
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


