Chem. Met. Alloys 17 (2024) 53-57

Ivan Franko National University of Lviv
http://publications.lnu.edu.ua/chemetal

Chemistry of
Metals and Alloys

Phase equilibria in the Er—Zr—Sb ternary system at 1073 K
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The phase equilibrium diagram of the ternary system Er—Zr—Sb was constructed in the full concentration range
at 1073 K, using X-ray powder diffraction, microstructural analyzis, and energy-dispersive X-ray
spectroscopy. At the temperature of investigation, the Er—Zr—Sb system is characterized by the formation of
one ternary compound, ErZrSb (structure type UGeTe, space group I4/mmm, a = 0.4217(3), ¢ = 1.6165(4) nm).
A significant homogeneity range was established along the isoconcentrate 33.3 at.% Sb, extending from 25 to
33 at.% Er. The solubility of Zr in the binary compounds ErSb and ErsSbs extends to ~2 and ~3 at.%,

respectively.

Intermetallics / Phase diagram / X-ray diffraction / Scanning electron microscopy

1. Introduction

Experimental studies of the interaction between the
components in metallic systems is an important stage to
obtain information regarding peculiarities of
the formation, stability with respect to temperature and
concentration, and crystal structure of intermediate
phases for further study of the physical properties of
intermetallics. R—Zr—Sb ternary systems (R = rare-earth
metal) have been studied over the whole concentration
range for R=Ce (873K) [1], Sm (1070 K) [2],
Gd (873 K) [1], and Dy (1070 K) [3]. In the Sm—Zr—Sb
system no ternary compounds were detected at 1070 K.
However, in [4] the ternary compounds R3ZrSbs
(R = La, Ce, Pr, Nd, Sm) with HfsCuSn; structure type
were reported. According to literature data,
in the R—Zr—Sb systems where R is a rare earth
of the Y subgroup, equiatomic RZrSb compounds
with UGeTe-type structure (superstructure
of the La,Sb-type, space group [4/mmm) are formed
[5]. New representatives of the structure type UGeTe
were found for R,Zr>,Sb (x = 0.1) with R = La-Nd, Sm
at 873K [6]. For GdZrSb and DyZrSb
a large homogeneity range along the isoconcentrate
33.3 at.% Sb was established [1,3]. Some RZrSb
antimonides exhibit interesting magnetic behavior.
Magnetic measurements showed magnetic ordering
at low temperature and strong coercive fields
for TbZrSb and DyZrSb [7]. The ErZrSb compound
is characterized by an incommensurate magnetic
structure [8].

In this contribution we report experimental results
of an investigation of the isothermal section at 1073 K
of the phase diagram of the Er—Zr—Sb ternary system in
the full concentration range.

2. Experimental

To construct the phase equilibrium diagram of
[the Er—Zr—Sb ternary system, polycrystalline samples
were synthesized by direct arc-melting of the
constituent metals (erbium, purity 99.9 wt.%;
zirconium, purity 99.99 wt.%; antimony, purity
99.999 wt.%.) in a protected argon atmosphere with
a non-consumable tungsten electrode, on a water-
cooled copper hearth. To remove traces of impurities,
first a Ti ingot was melted as a getter. To compensate
for the evaporative losses of antimony during
arc-melting, 2-3 wt.% excess Sb, depending on the
sample composition, was added. For better
homogenization the alloys were re-melted twice. After
melting, the overall weight losses of the alloys were
generally less than 1 wt.%. Pieces of the arc-melted
ingots were then placed in evacuated quartz ampoules
and annealed at 1073 K for 700 h. The annealed ingots
were removed from the furnace and quenched in cold
water.

Powder X-ray diffraction (XRPD) was used for
the construction of the phase diagram (determination of
the phase fields, identification of intermediate phases,
formation of solid solutions). The observed diffraction
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intensities of the powder patterns (DRON-2.0,
Fe Ko radiation) were compared with reference powder
patterns of the constituent elements and known binary
and ternary phases (program PowderCell [9]).
Elemental and phase compositions of the prepared
samples were examined by scanning electron
microscopy (SEM) using a Tescan Vega 3 LMU
scanning microscope with a Link EDX system operated
at 20kV and 60 pA. Quantitative electron probe
microanalysis (EPMA) of the phases was carried out
using an energy-dispersive X-ray analyzer with the
pure elements as standards (typical acceleration voltage
was 20 kV; K- and L-lines were used). For each phase,
3-5 measurements were made to obtain an average
value.

Calculations of the crystallographic parameters
were performed using the WinCSD [10] program
package.

3. Results and discussion

3.1. Binary boundary systems

The binary boundary systems that delimit the ternary
Er-Zr-Sb system have been investigated previously;
the binary compounds are briefly described below.
Zr—Sb. The version of the phase diagram accepted here
is taken from [11,12]. Under the conditions used here,
five binary compounds form in this system, Zr3;Sb
(NizP structure type), ZrSb (La,Sb structure type),
ZrsSbs (MnsSis structure type), ZrSb (ZrSb structure
type), and ZrSb, (TiAs; structure type).

Er—Sb. The Er—Sb phase diagram was reported in [13].
Three compounds were found: ErsSbs, ErSb, and
ErSb,. ErSb melts congruently, ErsSb; and ErSb, are
formed by peritectic reactions. Two polymorphic forms
of ErsSbs were studied in [14]. It was found that

the low-temperature form belongs to the hexagonal
Mn;Sis-type, while the high-temperature modification
crystallizes in the orthorhombic B-YbsSbs structure
type. Er;Sbs with ThsPs-type structure was reported
in[15].
Er-Zr. The phase diagram as assessed
in the compilation [16] was used for our investigation.
No binary compounds are formed. The solubility
of Zr in Er extends up to 20at.% at 1573 K
and decreases with decreasing temperature down
to 12.5 at.%. The solubility of Er in Zr extends up
to ~3 at.%.

Crystallographic characteristics of the binary
compounds in the Er—Sb and Zr—Sb systems at 1073 K
are gathered in Table 1.

3.2. Isothermal section of the Er—Zr—Sb system

To construct the phase equilibrium diagram of
the Er—Zr-Sb ternary system, 25 ternary and binary
alloys were synthesized, annealed at 1073 K and
examined by XRPD and EPMA. Based on the results
of the analyses, the isothermal section of the phase
diagram of the Er—Zr—Sb system was constructed over
the whole concentration range at 1073 K (Fig. 1).
As regards to the boundary systems, the presence of
almost all binary compounds in the Er—Sb and Zr—Sb
systems reported in the literature was confirmed at
1073 K (Table 1, Fig.1). At the temperature of
investigation, 1073 K, ErsSbs crystallizes with the
orthorhombic YbsSbs structure type (Table 1). During
a previous study of the Er—Ni—Sb ternary system [17]
the ErsSb; binary was examined both in as-cast state
and after annealing at 1073 K. Phase analysis of

the annealed ErsSbs; sample clearly showed
the presence of the orthorhombic modification with
YbsSbs-type  structure  (a=1.1698, b=0.9128,
¢ =0.8022 nm).

1-Er, Zr,, Sb

Fig. 1 Isothermal section of the phase diagram of the Er—Zr—Sb system at 1073 K.
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Table 1 Binary phases relevant to the 1073 K isothermal section of the Er—Zr—Sb system (p — peritectic
reaction; m — congruent melting).

Melting Pearson symbol, Lattice parameters, nm
Phase temperature, K structure type a b c Reference

ErSb m 2313 cF8, NaCl 0.6117(3) - - This work

ErsSbs p 1913 0oP32, YbsSbs 1.1698 0.9128 0.8022 [17]

ZrSb, ? oP24, TiAs, 0.9948 1.4932 0.3875 [2]

ZrSb ? 0824, ZrSb 0.3827 1.0426 1.4007 [12]

ZrsSbs | m 2173 hP16, MnsSi; 0.8477(3) - 0.5817(3) This work

ZnSb | p 1933 12, La:Sb 0.41172 - 1.5771 [12]

ZrSb | 2 1132, NisP 1.1335(2) _ 0.5683(4) | This work

Table 2 Composition of selected alloys in the Er—Ni—Sb system from EPMA data.
Phase | Structure type | Er, at.% | Zr, at.% | Sb, at.%

ErssZ120Sbos (Ers3.732122.60Sb23 58)

ErsSbs YbsSb; 61.67 1.87 36.46

(Er,Zr) Mg 86.33 13.67 -
Er35Z140Sbos (Er3a.73Z141348b23.93)

ErZrSb UGeTe 3345 32.51 34.04

ErsSbs YbsSbs 59.88 3.08 37.04

Zr Mg 2.18 97.82 -
Er35Z1258b4o (Er34.872124.45Sb40.68)

ErZrSb UGeTe 25.35 41.19 33.46

ErSb NaCl 48.19 1.58 50.23

Z15Sb; Mn;Sis3 61.88 1.35 36.77
Er40Z130Sb3o (Ers1.832126.455b31.72)

ErZrSb UGeTe 33.42 32.71 33.87

ErsSbs YbsSb; 60.71 2.63 36.66

Zr Mg 98.17 1.83 -
Er5Zr40Sbys (Er14.807140.20Sb4a.82)

ErSb NaCl 48.21 1.65 50.14

ZrSb ZrSb 1.07 49.49 49.44

ZrsSbs MnsSis 62.47 1.17 36.36
Ers0Z120Sb3o (Eras.80Z122.25Sb2s 86)

ErZrSb UGeTe 33.82 32.37 33.81

ErsSbs YbsSb; 61.13 2.24 36.63

7r Mg 96.88 3.12 ;
Er20Z1258bss (Er19.79Z125.43Sbs4.78)

ZrSb, TiAs; 0.91 32.18 66.91

ZrSb ZrSb 1.12 49.51 49.37

ErSb NaCl 48.17 1.72 50.11
Er45Z1155b4o (Er44.827115.43Sb39.75)

ErZrSb UGeTe 33.49 32.84 33.67

ErSb NaCl 48.27 1.61 50.12

ErsSbs YbsSbs 62.13 1.24 36.63

As shown in Fig. 1, the isothermal section of
the phase diagram of the Er—Zr—Sb system at 1073 K
in the full concentration range consists of 10 three-
phase, 20 two-phase and 11 single-phase regions.
The highest number of solid-state equilibria are formed
by the ErZrSb ternary antimonide. Phase compositions
of some of the alloys from EPMA data are presented in
Table 2. Microphotographs of selected alloys are
presented in Fig. 2.
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At the temperature of investigation, 1073 K,
the existence of the ternary compound ErZrSb with
UGeTe structure type (space group [4/mmm) [5] was
confirmed in the Er—Zr—Sb system. For the ErZrSb
compound, similarly to the previously studied
compounds GdZrSb and DyZrSb [1,3], a homogeneity
range along the isoconcentrate 33.3 at.% Sb in the
direction toward higher zirconium content was found
(Fig. 1). According to the results of the EPM analysis,
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Fig. 2 SEM pictures of alloys from the Er—Zr—Sb system: a) ErssZr»Sbas; b) ErssZraoSbos; ¢) ErssZrasSbao;

d) Er4ozr3osb30; e) Er152r408b45; f) Ersozrzosbm.

the homogeneity range is limited by the compositions
Er32.80Z133.08Sb34.03 and Era4.44Zr42378b33.19
(Er1.0_752r1.1.258b, a= 0.4217(2)-0.4203(3),
c=1.6165(4)-1.6148(5) nm).

The solubility of Er in the binary compounds of
the Zr—Sb system under the conditions used here is
insignificant (up to 1.5 at.%). In order to determine
the solubility of Zr in ErSb, similarly as done for
the Er—Ni-Sb ternary system, several alloys along
the lines ErZrSb—ErSb and ErSb—ZrSb were prepared
and examined. It was found that the ErSb binary
compound (NaCl structure type) dissolves up to

~2 at.% Zr along the isoconcentrate 50 at.% Sb.
According to the EPMA data, the limit of solubility
corresponds to the composition Ersg:Zr1.68Sbag.40.
ErsSbs dissolves up to 3 at% Zr along
the isoconcentrate 37.5 at.% Sb. EPMA data of the
ErssZr4Sbys sample (Fig. 2b) shows the Ers.Zr,Sbs
phase (ErsogsZr308Sbs7.04) in equilibrium with ErZrSb
and Zr.

Comparing the Er—Zr—Sb system investigated in our
work and the {Gd,Dy}—Zr—Sb systems studied earlier
[1,3], we may note that the low number of ternary
phases in the Er—Zr—Sb systems does not differ from
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the reported Gd—Zr—Sb and Dy—Zr—Sb systems. In all
these systems equiatomic RZrSb compounds,
characterized by a significant homogeneity range from
the stoichiometric composition to a composition with
lower rare-earth content, are present. A comparison of
the Er—Zr—Sb system and the Er—Ti—Sb [ 18], Er—Fe—Sb
[19], and Er—Ni-Sb [17] systems showed the influence
of the nature of the d-element on the interaction
between the components. No ternary compounds were
found in the Er-Ti-Sb system, whereas in
the Er—Fe—Sb system one ternary antimonide, ErsFeSb,
with K,UFe-type structure, was observed. Both
the Er—Zr—Sb and Er-Ni—Sb systems are characterized
by the presence of equiatomic compounds, but with
different structure types. The half-Heusler intermetallic
compound ErNiSb belongs to the cubic structure type
MgAgAs [20], while ErZrSb crystallizes with the
tetragonal UGeTe-type.

Conclusion

The phase equilibrium diagram of the Er—Zr—Sb system
was constructed at 1073 K over the whole
concentration range based on X-ray powder diffraction
and energy-dispersive X-ray spectroscopy. It was
established that at the temperature of investigation
the Er—Zr—Sb system is characterized by the existence
of one ternary compound, ErZrSb with UGeTe-type
structure. The solubility limit of Zr in the ErSb
and FErsSbs binaries was found to be ~2 and
3 at.%, respectively. The homogeneity range of
the ErZrSb antimonide was established; it extends
from 25 to 33 at.% Er along the isoconcentrate
33.3 at.% Sb.
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