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Abstract

The phase equilibria of Gd-Fe-Cr system were investigated at 800°C by X-ray powder diffraction
(XRD) and scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS). The
isothermal section of the phase diagram consisted of eight single-phase regions, eight two-phase
regions and seven three-phase regions. The binary compounds GdFey, GdFes, GdsFey7, o(FeCr)
and the ternary compound GdFe;3Cry were confirmed. Conversely, the binary compound GdgFess
was unstable at the level of 800°C. The maximum solid solubilities of Cr in GdFe, and GdsFeq7 were
about 11.7 and 13.2 at. % Cr respectively. The compound GdFejs_,Cr, with the ThMnis-type

structure (space group I4/mmm) has a broad solubility ranging from 15.4 to 23.1 at. % Cr.
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I. INTRODUCTION

In the last decades, the magnetic refrigeration (MR) based on the magnetocaloric effect
(MCE), became the best alternative of the conventional gas-compression refrigeration due
to its high thermodynamic efficiency and environmental safety [1-4].

The properties of ternary rare earth iron-rich compounds of the type RFejo_,M, (R: rare
earth metal, M: transition-metal or p-block metal) for (R = Nd, Sm, Gd, Tbh, Dy, Ho, Er,
Tm, Y and Lu; M= Si, Ti, V, Cr, Mn, Zr, Nb, Mo and W) have been studied intensively
[5—13]. This research has been stimulated by the possibility of using some of these materials
for high performance applications such as magnetic refrigeration.

Additionally, investigation on the phase diagrams of R-Fe-M systems is still a great con-
cern for researchers in the interest of providing a basis for searching new magnetic materials
and improving their performance.

In the R-Fe-M ternary systems the phase equilibrium has already been established for (R
= Nd, Sm, Gd, Er and Y; M = Al, Co, Ni, Ge and Ga) [14-18], and in the R-Fe-Cr ternary
systems the phase relationships have already been determined for (R = Tb, Dy, Ho, Er and
Y) [19-23]. So far, no investigation of the Gd-Fe-Cr ternary system have ever been made.

Thus, the purpose of the present paper is to provide basic information on compound
formation and crystal structures of the binary and ternary compounds in the complete
isothermal section of the ternary system Gd-Fe-Cr at 800°C.

A detail description of the binary Gd-Fe, Gd-Cr and Fe-Cr phase diagrams was given in
references [27-29], with the available crystallographic data and stability temperature range
of all the intermediate phases. The Gd-Fe system was investigated in the early 60s by Novy
et al. [24] who showed the existence of seven binary compounds which have a peritectoid
decomposition: GdsFey;, GdFes, GdFey, GdgFess, GdFes, GdFe, and GdsFes. This binary
system was later revised by Copeland et al. [25] and Savitskii et al. [26]. In 1998, the
study of Zhang et al. [27] showed that this system comprised four equilibrium intermetallic
compounds, namely GdyFej; (TheZnyz-type structure), GdgFeas (TheMnos-type structure),
GdFes (PuNis-type structure) and GdFe; (MgCua-type structure). The Gd-Cr binary phase
diagram has been studied by Elliott [28] in 1965 which was based on Copeland and Kato
[25]. No binary compounds was found in this phase diagram at 800°C. As for the Fe-Cr

binary system, Massalski et al. [29] reported that it has only one intermetallic compound



namely o(FeCr).

The phase diagrams for the three binary systems Gd-Fe [27], Gd-Cr [28],and Fe-Cr [29]
adopted in this study are shown in Figure 1.

The ternary compound GdFe;,Cry was previously identified by Bara et al. [11]. This
later crystallizes with ThMn;o-type of the I4/mmm space group.

In this experimental study, the complete isothermal section of the Gd-Fe-Cr ternary

system at 800°C was determined.
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FIG. 1: Gd-Fe, Gd-Cr and Fe-Cr binary phase diagrams.

II. EXPERIMENTAL DETAILS

Bulk metals of gadolinium, iron and chromium, all with purities of 99.99 wt% were
respectively used as the starting materials in this work. A total of 75 alloy buttons with
weight of 0.5 g each were made in an electric arc furnace under high purity argon using a non-
consumable tungsten electrode and a water-cooled cooper crucible. A pure zirconium button
was used as an oxygen-getter during the melting process. The alloys were re-melted three
to four times, and each time the buttons were turned around in order to attempt complete
fusion and ensure homogeneous composition. After alloying, the total mass of each sample

was checked. The weight loss was less than 1% of the initial mass. After melting, each ingot



was taken from the furnace, wrapped into tantalum foil, sealed in an evacuated quartz tube
and annealed in a tubular furnace at 800°C for 7 days. After the required annealing time,
the well-homogenized samples were quenched into ice-water mixture to preserve the high
temperature state.

All samples were broken into two parts, one part for X-ray powder diffraction, the other
for metallographic investigation. The first part of the samples, was crushed to powders
and sieved for XRD analysis while the second part was ground, polished and cleansed in
an ultrasonic bath before examination. The X-ray diffraction (XRD) data were collected
on a Bruker D8 diffractometer (Bruker AXS, Karlsruhe, Germany) using CuKa radiation
(Aga1= 1.540562 A). Data for Rietveld refinement were collected in the 260 range from 20°
to 80° with a step size of 0.015° and a counting time of 13.5 s per step. The experimental
diffraction patterns were compared to those calculated from known structure types using
the PowderCell [30] and FullProf [31] softwares.

The metallographic examination was carried out to check the results of X-ray diffrac-
tion analysis. Phase identification and composition analysis were investigated by Scanning
Electron Microscopy (SEM) with a Silicon Drift Detector (SDD)-X-Max 50 equipped with
energy dispersive X-ray spectroscopy (EDS).

III. RESULTS AND DISCUSSION

All the nominal compositions synthesized for the isothermal section Gd-Fe-Cr at 800°C

are plotted in Figure 2.

A. Binary systems

Taking into consideration the literature of the previous work [27], four binary compounds,
namely GdyFe 7, GdFes, GdFe; and GdgFess, were found in the binary system Gd-Fe. In the
same binary system studied at 800°C, only the three binary compounds GdsFe;7, GdFez and
GdFe; were confirmed, but the compound GdgFess prepared under the same circumstances
was unstable, because there were two-phase mixtures containing GdsFe;; and GdFe;. As
a result, GdgFes3 is not stable at 800°C and should not existed in the isothermal section

Gd-Fe-Cr. This result is consistent with the findings of our previous work mentioned in
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FIG. 2: Prepared compositions of the Gd-Fe-Cr samples.

reference [32].

For the sake of confirming this result, the X-ray diffraction patterns of all the samples
prepared in the two-phase regions 5 of the isothermal section Gd-Fe-Cr, showed two-phase
equilibrium between GdsFe;; and GdFes. No diffraction reflections which belonged to the
phase GdgFes3 were observed for these samples, showing no evidence to support the existence
of GdgFey3 at 800°C. Figure 3 presents the Rietveld refinement of the Gd13-Fe82-Crb nominal
composition (N° 4 in Figure 2), located in the two-phase region 5 of the ternary phase
diagram, consisting of the two phases GdyFe;; and GdFez. The microstructure was examined
by SEM and clearly showed the existence of GdsFe;7 and GdFes, as presented in Figure 4.
The darker grey areas show the phase GdsFe;; and the bright grey areas show the phase
GdFes.

The Rietveld analysis of the binary compound GdFe, is represented in Figure 5. The
lattice parameter for this phase was: a = 7.380(5) A.

The GdyFe;; compound displays two polymorphic forms: hexagonal with P63/mmc space
group (ThyNijs-type structure) and rhombohedral with R3m space group (ThyZnis-type
structure) [33]. In this study, the peaks of the X-ray diffraction pattern of this sample
were indexed with the rhombohedral unit-cell. Figure 6 shows the Rietveld refinement

for the binary GdsFej7;. This analysis proves that this intermetallic compound adopts the
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FIG. 3: Rietveld analysis for X-ray diffraction pattern of the Gd13-Fe82-Cr5 nominal composition.

GdFe:;

FIG. 4: Backscattered electron SEM image of the Gd13-Fe82-Crb nominal composition showing

the presence of the phases GdoFeq7 and GdFes.

rhombohedral ThyZn;; structure with R3m space group, and the lattice parameters were:
a =8.513(6) A and ¢ = 12.453(2) A.

A series of samples near the o(FeCr)-phase region were prepared in the Fe-Cr binary
system, in order to confirm the existence of the o(FeCr) phase. The results of X-ray diffrac-
tion show that these samples had patterns of o(FeCr). Therefore, it was confirmed that the

o(FeCr) phase exists in the Fe-Cr binary system at 800°C with a narrow homogeneity range
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B. Ternary system

The phase RFe;s is based on the tetragonal ThMns-type structure, with the I4/mmm
space group [34]. In this structure, the rare earth Th atoms occupied the 2a (0,0,0) site and
the Mn atoms occupy three crystallographic non-equivalent sites, denoted as Mn (8i), Mn
(8j) and Mn (8f): 8i (x, 0, 0), 8 (x, 1/2, 0) and 8f (1/4, 1/4, 1/4) [35]. Figure 7 shows the

crystal structure of ThMnys.

Th @ 2a: 4/mmm
Mn 1 . 81:m2m
Mn?2 ‘ 8):m2m
Mn3( B8f2m

FIG. 7: Tetragonal crystal structure of ThMn;s [35].

It is well known [5-13] that the pure phase RFe;s is not stable and the addition of
a transition metal or a p-block metal M (M = Si, Ti, V, Cr, Mn, Zr, Nb, Mo and W)
is necessary to stabilize the ThMn, structure and form the RFe;o_,M, compounds. In
the current research, and by analyzing and comparing the X-ray diffraction patterns and
micrographs, the existence of the ternary compound GdFe;oCry was confirmed. The Rietveld
refinement for the XRD pattern of the compound GdFe(Cry with cell parameters a =
8.480(6) A and ¢ = 4.755(3) A, is shown in Figure 8.

Crystal structure and lattice parameter data of the binary and ternary phases are given

in Table I with references.
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TABLE I: Crystallographic data of intermetallic compounds in Gd-Fe-Cr ternary system at 800 °C.

Phase Structure Space Lattice parameters (A) References
Composition type group a c

GdFe;oCrs ThZnys I4/mmm 8.507 4.769 [11]

GdFe;(Cray ThZn;o I4/mmm 8.480(6) 4.755(3) This work
GdaFe;r ThoZny7 R3m 8.510 12.510 [36]

GdaFeq7 ThoZni7 R3m 8.513(6) 12.453(2) This work
GdFes PuNi; R3m 5.148 24.62 37]

GdFes PuNis R3m 5.166(4) 24.705(1) This work
GdFes MgCus Fd3m 7.390 - [38]

GdFeq MgCus Fd3m 7.380(5) - This work
o(FeCr) W Im3m 2.863 - [39]
Gd Mg P63 /mmc 3.634 5.785 [40]
(aFe) W Im3m 2.868 - [41]
Cr Cr Im3m 2.899 - [42]




C. Solid solubility

According to the results obtained from SEM/EDS combined with the X-ray diffraction
technique, the extended regions of solid solubility of each single phase in the 800°C isothermal
section were clearly identified. The Gd-Fe-Cr phase diagram was characterized by a large
homogeneity ranges covering the iron-rich region which is summarized in Table II.

In order to identify the Gd(Fe,Cr)s solid solution at 800°C, several samples on this binary
extension and in the regions either side were synthesized. The existence of the GdFey_,Cr,
solid solution was proven by the two samples with nominal compositions Gd44-Fe37-Cr19
and Gd18-Fe44-Cr38 prepared respectively in the three phase-region A and the two-phase
region 1 of the Gd-Fe-Cr ternary phase diagram. The XRD pattern (Figure 9) of the Gd44-
Fe37-Cr19 composition (N° 31 in Figure 1) showed a three-phase equilibrium between the
upper limit of the solid solution GdFey_,Cr, (x = 0.35), (Gd) and (Cr). This result was

confirmed by the microstructure in Figure 10.
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FIG. 9: Experimental XRD pattern of the Gd44-Fe37-Cr19 composition showing the equilibrium
between GdFe; 65Cro 35, (Gd) and (Cr) phases.

Similarly, the X-ray powder pattern and the microstructure of the Gd18-Fe44-Cr38 com-
position (N° 52 in Figure 1), which was melted and heat-treated at 800°C, revealed a solid
state equilibrium between the upper limit of the solid solution GdFe,_,Cr, (z = 0.35) and
(Cr). The powder pattern of the Gd18-Fe44-Cr38 composition is given in Figure 11. In the

SEM image (Figure 12), the light grey area had an atomic composition in agreement with

10
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FIG. 10: Backscattered electron SEM image of the Gd44-Fe37-Cr19 sample showing the equilibrium
between GdFe; 65Crg 35, (Gd) and (Cr) phases.

GdFe; 65Crg 35, and the dark grey area presented an atomic composition in agreement with

(Cr).
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FIG. 11: Rietveld analysis for X-ray diffraction pattern of the Gd18-Fe44-Cr38 composition. All

the diffraction peaks were indexed with both the cubic structures of GdFe; g5Crp 35 and (Cr).

Both SEM-EDS and X-ray diffraction showed that the solubility of Cr in the GdFe; cubic
Laves C15 phase (MgCu,-type structure, Fd3m space group) extended from the GdFe, ,Cr,
(z = 0) compound (a = 7.380(5) A) to the GdFe,_,Cr, (z = 0.35) compound (a = 7.398(3)
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FIG. 12: Backscattered electron SEM image of the microstructure of the sample with nominal

composition Gd18-Fe44-Cr38 showing the equilibrium between GdFe; g5Crg 35 and (Cr).

A) (Table II). Figure 13 presents the Rietveld refinement of the GdFe,_,Cr, 2 = 0.1 and
= (.27 series. During the study of this homogeneity domain, the same type of structure of

MgCusy was retained.
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FIG. 13: Rietveld analysis of GdFey_,Cr, compounds: a) z = 0.1, and b) x = 0.27.

The stability of the GdsFeq7_,Cr, solid solution was confirmed using the SEM-EDS and
the X-ray difraction. The synthesis of the Gd25-Fe64-Crll nominal composition (N° 12
in Figure 2) in the three phase-region G of the Gd-Fe-Cr ternary phase diagram, revealed
the limit of this solid solution. The XRD pattern (Figure 14) and the SEM micrograph
(Figure 15) of the Gd25-Fe64-Cr11 sample clearly shows a three-phase equilibrium between
the upper limit of the solid solution GdsFei7_,Cr, (x = 2.5), the upper limit of the solid
solution GdFe;_,Cr, (z = 0.35) and the phase GdFe3. In Figure 16, the dark area was

12



identified as GdsFei45Cro5, the medium grey area as GdFes, while the light grey area as
GdFe; 65Cro.35.
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FIG. 14: Experimental XRD pattern of the Gd25-Fe64-Cr11 composition showing the equilibrium
between GdgFei7_,Cr,(z = 2.5), GdFey_,Cr, (z = 0.35) and GdFes.

Gd,Fe ,5Crys

GdFe; 65Cry 35

FIG. 15: Backscattered electron SEM image of the Gd25-Fe64-Cr11 sample showing the equilibrium
between GdaFei7_,Cr,(z = 2.5), GdFey_,Cr, (z = 0.35) and GdFes.

The maximum solid solubility of Cr in GdsFe;7_,Cr, was determined to be around 13.2
at. % Cr (Table II). The Rietveld analysis of the GdaFey7_,Cr, x = 1 and x = 2 series
are represented in Figure 16. The lattice parameters for GdyFe sCry were: a = 8.544(2) A
and ¢ = 12.443(9) A and the lattice parameters for GdyFe 5Cry were: a = 8.549(2) A and
¢ =12.452(3) A.
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FIG. 16: Rietveld analysis of GdaFe;7_,Cr, compounds: a) z =1, and b) x = 2 as an example.

The existence of the ternary line compound GdFe;s_,Cr, was revealed by annealed sam-
ples of several compositions. The analysis of the results of the scanning electron micro-
scope coupled to the X-ray diffractograms of each sample allowed the delimitation of the
GdFej5_,Cr, ternary solid solution. The homogeneity range of the GdFe;,_,Cr, solid solu-
tion, which crystallizes in the tetragonal ThMnj, type-structure with the I4/mmm space
group, extended from about 15.4 at. % Cr to 23.1 at. % Cr at 800°C (Table II). The SEM
image (Figure 17) for the Gd8-Fe81-Cr11 nominal composition (N° 17 in Figure 2) located
in the three-phase region F of the ternary phase diagram, shows the thermodynamic equi-

librium between the lower limit of the GdFe;s_,Cr, solid solution which is GdFe;(Crsy, the
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FIG. 17: Backscattered electron SEM image of the Gd8-Fe81-Cr11 sample showing the equilibrium
between GdFe;oCry, GdoFey45Cra 5 and (aFe) phases.
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The experimental X-ray diffractogram (Figure 18) of the Gd11-Fe61-Cr28 nominal com-
position (N° 38 in Figure 2) located in the three-phase region C of the Gd-Fe-Cr ternary
system, was indexed to three type structures, and shows the three-phase equilibrium be-
tween the following phases: GdFe,_,Cr, (z = 0.35) (MgCus-type structure) + GdFej;_,Cr,
(x = 3) (ThMnyo-type structure) + o(FeCr) (W-type structure). The SEM image cofirmed
this result (Figure 19).
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FIG. 18: X-ray diffraction pattern of the Gd11-Fe61-Cr28 composition.

GdFeyCr;

o(FeCr)

GdFe, 45Crg3s

25um

FIG. 19: Backscattered electron SEM image of the Gd11-Fe61-Cr28 composition.

Furthermore, metals Fe and Cr can substitute each other and form a solid solution, as

shown in the Fe-Cr binary phase diagram. Cr was found to dissolve up to 35.9 at. % Fe,
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TABLE II: Lattice parameters and homogeneity ranges of the identified solid solutions in the
Gd-Fe-Cr system at 800°C.

Phase Homogeneity Lattice parameters (A)
ranges a c
GdFey_,Cr, (0 <x<0.35)
z=0 7.380(5) ;
x=0.1 7.385(8) -
z=0.2 7.388(3) .
x =027 7.397(5) -
z=0.35 7.398(3) ;
GdsFe;7_,Cry, (0 <z <2.5)
z=0 8.513(6) 12.453(2)
2 =05 8.543(2) 12.436(8)
z=1 8.544(2) 12.443(9)
z=2 8.549(2) 12.452(3)
z =25 8.556(5) 12.466(4)
GdFeqo_;Cr, (2<x2<3)
x=2 8.480(6) 4.755(3)
z =25 8.485(1) 4.756(7)
z=3 8.487(8) 4.757(3)

while Fe was found to extend up to 43.5 at. % Cr. The o(FeCr) compound has a narrow

homogeneity range of 45.3-49 at. % Cr in the binary Fe-Cr.

D. Phase equilibrium at 800°C

From the combination of XRD analysis and SEM-EDS results obtained from 75 binary
and ternary samples, the phase equilibria in the Gd-Fe-Cr ternary system were identified and
the 800°C isothermal section was constructed (Figure 20). A total of four binary compounds,
namely GdFe,, GdFes, GdyFey; and o(FeCr) were characterized.

This study has enabled the determination of three solid solutions, and the characterization
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of divers equilibrium areas. All binary phases of the Gd-Fe binary system extended into the

ternary, except GdFes. The GdFey_,Cr, and GdyFe;7_,Cr, solid solutions showed maximum

extensions up to x = 0.35 and x = 2.5 respectively. Also, the Gd-Fe-Cr system contained

one ternary solid solution GdFe;,_,Cr,, having small homogeneity domain which extended

from the GdFe;s_,Cr, (z = 2) composition to the GdFe;s_,Cr, (z = 3) composition.

The determined phase relationship indicates that the isothermal section of the Gd-Fe-Cr

ternary system at 800°C consists of eight single-phase regions, eight two-phase regions and

seven three-phase regions. In order to further identify these phase relationships, Table III

and Table IV present respectively the details of the measured compositions by EDS with

their numbers as shown in Figure 2 in the two-phase regions and three-phase regions of the

Gd-Fe-Cr ternary system.

TABLE III: Phase compositions of the two-phase regions in the Gd-Fe-Cr ternary system at 800°C.

EDS results (at.%)

Phase regions No Nominal compositions Phases
Gd Fe Cr
(Cr) 0.0 40 60
1 52 Gd18-Fe44-Cr38
GdFel.65CI"0.35 33.1 55.2 11.7
o(FeCr) 0.0 52.2 47.8
2 59 Gd2-Feb2-Cr42
GdFeyCrs 7.7 69.2 23.1
(aFe) 0.0 59.8 40.2
3 33 Gd4-Fe73-Cr23
GdFe;gCrs 7.7 76.9 15.4
GdQFel4.5CI'2.5 10.5 76.3 13.2
4 1 Gd7.2-Fe88.7-Cr3.7
(aFe) 0.0  99.7 0.3
Gd2F614_5CI‘2,5 10.5 76.4 13.1
) 7 Gd19-Fe77-Crd
GdFes 25 75 0.0
GdFell65CI"0.35 33.1 595.3 11.6
6 25 Gd24-Fe62-Cr14
GdFeg‘5CI‘2_5 7.7 73.1 19.2
GdFel.65CI"o.35 33.2 55.2 11.6
7 14 Gd30-Fe66-Cr4
GdFes 24.8 75.2 0.0
GdFel_65CI‘0,35 33.1 55.1 11.8
8 16 Gdb54-Fed3-Cr3
(Gd) 99.9 0.1 0.0
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TABLE IV: Phase compositions of the three-phase regions in the isothermal section of Gd-Fe-Cr

ternary system at 800°C.

EDS results (at.%)

Phase regions No Nominal compositions Phases

Gd Fe Cr

(Gd) 99.8 0.0 0.2
A 31 Gd44-Fe37-Cr19 GdFeq 65Cro.35 33.2 55.1 11.7
(Cr) 0.3 0.0 99.7

o(FeCr) 0.0 51 49
B 51 Gd10-Fe51-Cr39 GdFeq 65Cro.35 33.2 55.1 11.7
(Cr) 0.0 39.8 60.2
GdFegCrs 7.7 69.4 22.9
C 38 Gd11-Fe61-Cr28 GdFeq 65Cro.35 33.3 55.3 114
o(FeCr) 0.0 51.8 48.2

(aFe) 0.0 60 40
D 47 Gd2-Fe60-Cr38 o(FeCr) 0.0 54.7 45.3
GdFegCrs 7.7 69.3 23
GdFe;oCra 7.7 7 15.4
E 21 Gd10-Fe75-Crl5 GdaFe145Cra s 10.5 76.2 13.3
GdFeq 65Cro.35 33.3 55.2 11.5
GdFe1oCra 7.6 7 15.4

F 17 Gd8-Fe81Crl1 GdaFey45Cras 10.6 76.2 13.2
(aFe) 0.0 99.8 0.2

GdFes 24.9 75.1 0.0

G 12 Gd25-Fe64-Crl1 GdaFe145Cra 5 10.5 76.3 13.2
GdFeq 65Cro.35 33.2 55 11.8

In this work, by comparing and analyzing the XRD experiments and SEM/EDS exam-
inations of all the samples and identifying the phases in each composition, the isothermal
section of the Gd-Fe-Cr ternary system at 800°C was constructed (Figure 20). The com-

plete investigation of the Gd-Fe-Cr phase diagram confirms the literature data and provides
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FIG. 20: Isothermal section at 800°C of the Gd-Fe-Cr phase diagram. The areas of the three-
phase regions are identified with letters and the areas of the two-phase regions are identified with

numbers.

information relating to the solubility limit and phase relations in this ternary system.

IV. CONCLUSIONS

The isothermal section of the phase diagram of Gd-Fe-Cr system was determined at
800°C. It consists of eight single-phase regions, eight two-phase regions and seven three-
phase regions. Four binary compounds, namely GdFey, GdFez, GdyFe;; and o(FeCr) and

one ternary compound, GdFe;(Cry, were confirmed to exist in this section. Conversely, the
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binary compound GdgFes3 was not found at 800°C. The isothermal section of Gd-Fe-Cr had
two binary compounds which extended into the system GdFe,_,Cr, and GdyFe;7_,Cr,. The
maximum solid solubilities of Cr in GdFes and GdsFe;7 were about 11.7 at. % Cr and 13.2
at. % Cr respectively. The extent of the ternary coumpound GdFe;,Cry was observed and

its limit of solubility was evaluated: GdFe;,_,Cr, with substitution up to 23.1 at. % Cr.
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