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ABSTRACT

Physico-chemical analysis techniques, including X-ray diffraction and Scanning Electron
Microscope-Energy Dispersive X-ray Spectroscopy, were employed to construct the isothermal
section of the Er-Fe-Al system at 800°C. At this temperature, the phase diagram is characterized by
the formation of five intermediate phases, ErFej,_yAl, with 5 <x <8 (ThMny,-type), ErFej.xAl;_, with
—0.2 <x<0.75 (MgZn;,-type), ErFes_,Al, with 0.5 <x <1 (DyFe,Al-type), Er,Fe 7_xAl, with 4.74 <x <5.7
(TbCu7-type) and ErpFei7_xAl, with 5.7<x<9.5 (ThZny7-type), seven extensions of binaries into
the ternary system; ErFeyAls_, with x<0.5 (AusCu-type), ErFe,Al,_x with x<0.68 (MgCu,-type),
Er,FeyAl;_x with x <0.25 (Co,Si-type), ErFe; ,Al, with x <0.5 (MgCu,-type), ErFes_,Al, with x<0.5
(Be3Nb-type), ErgFe,3_xAly with x <8 (ThgMny3-type), and Er,Feq7_xAl, with x <4.75 (Th,Nij7-type) and
one intermetallic compound; the ErFe,Al; (YbFe,Aljo-type).

Erbium

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

This paper reports a continuation of the systematic investiga-
tions of the ternary systems on the basis of iron with contribution
of rare earth elements (RE) and aluminium. So far, phase diagrams
of La-Fe-Al system have been completely or partly constructed [1].

With the present study we have extended our interest to the
case of a heavy rare earth metal in the Fe-Al matrix. Up to now
the Er-Fe-Al ternary system was not studied in the whole concen-
tration range, but some compounds were studied as isostructural
members of larger series in order to investigate their physical prop-
erties [2-4].

The literature contains mainly reports about ternary compounds
with stoichiometric compositions, which belong to solid solution
based on binary compounds. The only known compound with well-
defined stoichiometry is ErFe,Alyq [5]. Intermediate solid solutions
are reported for ErFexAl,_, (x<0.68), ErFe;_,Alx (x<0.5), both
crystallizing in the cubic MgCu,-type structure and ErFeq.yAlj_x
(-0.2 <x<0.25) adopting the hexagonal MgZn,-type structure
[6], along the ErAl,-ErFe; section. The compound ErgFeq3Al, 7
was studied as part of the ErgFes;_yAlx [7] extension into the
ternary system. Three single phases in the homogeneity range of
ErFei;_xAly (ThMnq,-type) with different stoichiometric compo-
sitions, ErFe;Als, ErFe4Alg and ErFegAlg have been described on
the basis of their crystal structure refinement [2,8,9] and mag-
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netic properties [3,4]. Two phases with different stoichiometric
compositions ErpFe;1Alg and Er,Feq3,Al3g have been described
by Zarechnyuk et al. [7] as independent compounds with different
types of structure. They belong to the Er,Fe;7_xAly homogeneity
range that has been extensively studied [10]. In this solid solu-
tion, as the Al content increases the 2/17H (hexagonal Th,Niy;-type
structure) phase transforms, usually via the 1/7H (hexagonal TbCuy,
type structure) phase, into the 2/17R (rhombohedral Th,Zn47-type
structure) phase [10].

The binary boundary erbium-iron, erbium-aluminium and
iron-aluminium systems were accepted from a compilation of
binary alloy phase diagrams by Massalski [11]. Table 1 summarizes
the crystallographic data on unary and binary phases relevant to
the present study [12-22].

As part of our systematic search of new interesting intermetallic
compounds in this area, we present the results of the systematic
investigation of the isothermal section at 800°C; of the Er-Fe-Al
phase diagram, in the whole concentration range.

2. Experimental details

The present investigation was carried out by preparing 90 samples, having
masses of about 500 mg. The samples were synthesized using direct arc melting
of the constituent metals (purity: Er=99.8 wt%; Fe=99.9 wt%; Al=99.99wt%) in a
water-cooled copper hearth under high purity argon gas. Zirconium-titanium alloy
was used as an O, getter during the melting process. The weight losses were less
than 1 wt%. After melting, all alloys were homogenized by annealing in evacuated
silica tubes. Heat-treatments were performed in a resistance furnace at 800°C for
one week, followed by quenching in water. However due to the presence of several
extended solid solutions, prolonged annealing time was necessary, for some sam-
ples. The structural analysis was carried out using X-ray powder diffraction (Inel CPS
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Table 1

Crystallographic data of compounds of binary, Er-Fe, Fe-Al and Er-Al
Compound Structure type Space group Lattice parameters (A) Reference

a b c

El‘zFeW Ni]7Th]7 PG3/ITUTIC 845(2) 832(2) [12]
ErgFeys TheMnj3 Fm3m 12.01(1) [13]
ErFe; BesNb R3m 5.089(3) 24.473(2) [12]
ErFe, Cu,Mg Fd3m 7.283(1) [12]
ErAl DyAl PBcm 5.801(1) 11.272(3) 5.57(2) [14]
ErAl, MgCu, Fd3m 7.79(1) [15]
ErAls AuzCu Pm3m 4.215(2) [16]
Er,Al Co,Si Pnma 6.516(2) 5.015(1) 9.279(3) [17]
Er Al Zr3Al, P4, /mnm 8.123(3) 7.484(1) [14]
FeAls FeAl; C2/m 15.489(1)8=107.72° 8.083(1) 12.476(2) [18]
Fe,Als Fe,Als Cmcm 7.675(2) 6.403(2) 4203(2) [19]
Al Cu Fm3m 4.049264(2) [20]
Fe(a) w Im3m 2.8665(2) [21]
Fe(vy) Cu Fm3m 3.6599(1) [21]
Fe(d) W Im3m 2.9315(1) [21]
Er Mg P63/mmc 3.559(2) 5.592(2) [22]

120 diffractometer, using Co Ko radiation). Identification of the phases was made by
the comparison between the observed powder patterns and those calculated using
the program powder cell [23]. The microstructure of the samples was studied on pol-
ished surfaces using a Jeol JSM 6400 Scanning Electron Microscope (SEM) and the
composition of the phases was analyzed by Energy Dispersive X-ray Spectroscopy
(EDS) with an Oxford Link-Isis Si/Li analyzer.

3. Results and discussion

The isothermal section of the Er-Fe—Al ternary system at 800 °C,
depicted in Fig. 1, was constructed by the analysis of the X-ray
diffraction patterns, scanning electron micrographic images and
EDS elementary compositions allowing the identification of the
various phases present in each sample.

On the Er-Al boundary system, a solid solubility of iron of
4at.% and 9at.%, has been observed in ErAl; and Er,Al binaries,
respectively, leading to the chemical formulae ErFey;Al,g and
Erj3Feq5Als. The solubility of Al in Er is evaluated to be about
10 at.%. This result differs from that mentioned in the Er-Al binary
system, assessed in ref [24], where the solubility of Al in Er does
not exceed 1 at.% at 800 °C. On the Fe-Al axis, our results obtained
at 800°C are in agreement with the published binary phase dia-

0
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Fig. 1. Isothermal section of the Er-Fe-Al system at 800°C: (1) ErFe,Al;o, (2)
ErFeq_xAly, (3) ErFei7_yAly, (4) ErFezs_xAly, (5) ErFes xAly, (6) ErFe, 4Aly, (7)
ErFe;.xAl;_yx and (8) ErFe Al _y.

gram [25]. No solubility of Er was detected for these binary phases.
We have confirmed the existence of the four binary compounds in
the Er-Fe system reported in the literature [12,13]. All the phases
in this binary system form more or less extended solid solution at
constant rare earth composition due to the substitution of iron by
aluminium.

In this work, particular attention was given to the evaluation of
the homogeneity ranges of the different phases, and of their equi-
libria. The type of structure reported for all the phases have been
confirmed.

For the solid solution Erp,Fe;7_,Aly, the transformations of the
phases observed by Yanson et al. [10] are similar to the results found
in the section at 800 °C. Indeed, microprobe analysis has revealed
the formation of new phases with Er,FegAlg and EryFeqq gAls 5 esti-
mated composition so that an extended solid solution, Er,Feq7_,Aly,
was identified along the 2:17 composition line, exhibiting three
different crystal structures types depending on the substitution
of Fe by Al in the binary compounds Er,Feq7. The analysis of
the X-ray powder diffraction patterns revealed: in the range
0 <x<4.75, EryFe 7_xAlx exhibits an hexagonal crystal structure
(ThyNiq7-type), that transforms in the TbCu; hexagonal structure
type for x=4.75-5.7, in this range of concentration we have iso-
lated the compound Er,Feq;gAls,. Its X-ray powder diffraction
has been indexed in terms of an hexagonal unit cell a=4.956(1)A
and c=4.229(1)A, indicating the TbCu;-type structure. At high Al
contents (5.7 <x <9.5) the rhombohedral phase (ThyZn;7-type) is
observed. A new intermediate phase was identified with Er,FegAlg
composition, the X-ray powder diffraction present a strong sim-
ilarity with the compound Er,Feq1Alg (ThyZny;-type structure)
reported by Zarechnyuk et al. [7]. Our result is consistent with the
previous investigation carried out by Yanson et al. [10] at 500°C,
only the solubility range of the rhombohedral phase increases from
7.0at.% to 9.5 at.% of Al at 800°C.

The ThMny,-type structure is stable within a significantly large
homogeneity range for the solid solution ErFe;_yAlx. The limits of
this solid solution confirm the previous limit compositions going
from ErFe;Als to ErFe4Alg [2,8]. Our results indicate the stability of
the ThgMny3-type structure at 800 °C within large range of compo-
sition, pointing to the chemical formula ErgFe,3_yAlx (0 <x < 8).The
binary compounds ErAl, and ErFe, show, at constant erbium com-
position, a solubility of Al over three different regions: ErFexAl,_y
(x <0.68), ErFe,_xAly (x < 0.5) with the cubic MgCu,-type structure
and ErFeq.+xAl1_x (—0.2 <x < 0.25) that crystallizes in the hexagonal
MgZn,-type structure. The limits of the homogeneity domains are
in agreement with those previously assessed at the same temper-
ature [26].
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Table 2
Crystallographic data of ternary Er-Fe-Al compounds and solid solutions stable at 800 °C.
Compound/composition (solid solution) Structure type Space group Lattice parameters (A) Reference
a b c

ErFe,Al;o YbFe,Alq Cmem 8.948(2) 10.136(3) 8.988(1) (5]
Er,Feq1Alg (EroFeq7_yAly) ThyZn7 R3m 8.79(2) 12.68(2) [2]
Er2F613_2A13_3 (EI'2F817,XA1X) Tthi17 P63/mmc 855(2) 84(2) [2]
ErFej18Als, (ErpFeq7_xAly) TbCu; P§/mmm 4.956(1) 4.229(1) This work
ErFegAlg (EryFei7_xAly) ThyZn,7 R3m 8.695(1) 12.692(3) This work
ErgFes03Al, 7 (ErgFess_xAly) ThsMn;3 Fm3m 12.05(3) [2]
ErFe,Alg (EriFeia_yAly) 8.704(1) 5.037(1) (8]
Er;Fe;Als (Er;Feqa_yAly) ThMny, 14/mmm 8.594(1) 4.981(1) (9]
ErFegAlg (EriFeia_xAly) 8.619(5) 5.016(5) 131
EI'FEQ.(;Al]A (EI'FEXAIZ,X) 755(2) [26]
ErFegsAly 7 (ErFeyAly_y) _ 7.35(1) [2]

ErFe; gAlg, (ErFe; 1Al MgCu, Fd3m 7.753(1) This work
ErFe; Alo4 (ErFe,_Aly) 7.308(2) This work
El‘Fe1_zAlg_3 (El‘FeHXAl],X) 54(]) 872(2) [2]

ErFeAl (ErFe.Al;_x) Mgzn; I 5.332(1) 8.683(2) This work
ErFe,Al (ErFes;_xAly) DyFe,Al P63/mmc 5.156(2) 16.522(5) This work
ErsFei25Aly 5 (ErFes_yAly) BesNb R3m 5.123(3) 24.691(7) This work

ErFe2Al Experimental terized by the formation of one ternary phase, five intermediate
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Fig. 2. Powder X-ray diffraction pattern for ErFe;_,Al, (2.5 <x < 1) with a structure
based in the DyFe,Al-type (A Koo =1.798 A).

The maximum of solid solubility of aluminium in ErFes is about
25at.%. A striking feature of this homogeneity range is the phase
transformation sequence involving the apparition of another crys-
tal structure at higher concentration of aluminium. For instance,
the BesNb-type structure (space group R-3m) covers the composi-
tionrange from ErFe; to ErsFeq; 5Al, 5 (25.6 at.% of Er, 62.5 at.% of Fe
and 12.5 at.% of Al). As the aluminium content increases the pow-
der pattern does not match with the rhombohedral phase, so that
the new ErFez_y,Aly (0.5 <x<1) homogeneity range was indexed on
the basis of a hexagonal unit cell. Comparison between simulated
and experimental diagrams (Fig. 2) indicates that this solid solu-
tion is better described with the crystal structure of the DyFe,Al
compound (space group P63/mmc).

The crystallographic data for the ternary Er-Fe-Al compounds
and solid solutions formed at 800 °C are summarized in Table 2.

4. Conclusion

We have investigated and constructed the isothermal section
of the Er-Fe-Al ternary system at 800 °C. This diagram is charac-

solid solutions and seven extensions into the ternary system of
binary compounds. The substitution mechanisms are due to mutual
substitution between Fe and Al.
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