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Interaction between the components in the Ho-Fe-Sn ternary system was studied using X-ray diffractometry,
metallography and electron microprobe analysis. Isothermal section of the phase diagram was constructed at
670 K over the whole concentration range. Component interaction in the Ho-Fe-Sn system at 670 K results in the
existence of one ternary compound HoFegSng which crystallizes in the YCogGes structure type (space group
P6/mmm, a = 0.53797(2), c = 0.44446(2) nm). The interstitial-type solid solution HoFe,Sn, (up to 8 at.% Fe)
based on the HoSn, (ZrSi,-type structure) binary compound was found. Solubility of Sn in the HoFe, binary

(MgCu, structure type) extends up to 5 at. %.

Keywords: intermetallics; stannides; phase diagrams; crystal structure; X-ray diffraction.

Received 22 January 2020; Accepted 15 June 2020.

Introduction

Intermetallic phases containing rare earths (R), iron
and p-elements display interesting physical properties.
According to the magnetic data of the ternary stannides
the PrgFesSn, NdgFei;sSn and SmgFe;sSn compounds
(PreFe3Ge structure type) are characterized by high
temperatures of the magnetic ordering [1, 2]. Magnetic
properties of the RFegSng compounds (R =Y, Gd, Th,
Dy, Ho, Er, Tm) have been studied by magnetization
measurements and Mdossbauer spectroscopy. These
results confirm antiferromagnetic ordering of the
compounds below a Néel point of ~400 K [3]. Neutron
diffraction data of the RFegSng stannides showed the
different magnetic ordering of Fe and rare earth
sublattices performed at different temperatures [4].

The physical (magnetic, electric, mechanic)
properties of the intermetallics in many cases are
strongly dependent on the synthesis, microstructure of
the alloys, heat treatments, the stability, homogeneity
domains, and structural disordering of the intermediate
phases. In this context the investigation of the R—Fe-Sn
ternary systems at selected temperatures is very
important, in order to provide valuable information of the
sample preparation method, stability, composition and
crystal structure peculiarity of the ternary compounds.
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The R-Fe-Sn ternary phase equilibrium diagrams have
been constructed for Y, Pr, Nd, Sm, Gd, Dy and Er [2, 5-
9], the preliminary investigations were carried out also
for La-Fe-Sn and Lu-Fe-Sn systems [10]. Study of the
Er-Fe-Sn system at 670 and 770 K [9] showed an
influence of the temperature on stability of the ternary
phase at high Sn content. For other rare earth metals only
individual alloys were studied to identify isostructural
compounds for structural and physical property
investigations. A review of the literature shows that the
most of the R-Fe-Sn systems is characterized by
existence of the ternary compounds with RFesSng
stoichiometry. These compounds crystallize in the
hexagonal ~ YCosGeg-type or in the various
superstructures [5-9]. In the Dy-Fe-Sn system (1070 K)
the DyFegSng compound crystallizes in the YFegSng-type
structure (space group Cmcm), while Dy,FesSng (x = 0.32
and 0.5) is isotype to the partially-ordered SmMngShe-
type (space group P6/mmm) [8]. At other annealing
temperatures DyFegSns compound crystallizes in the
DyFegSng structure type (1123 K) [11] or ThFesSne-type
(1273 K) with orthorhombic unit cell [12].

Unlike the R-Fe-Sn systems, where R is the rare
earth metals of the Cerium subgroup, only one ternary
compound with a stoichiometry of 1: 6: 6 is formed in
the investigated {Y, Gd, Dy}-Fe-Sn systems [5, 8]. The
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study of the Er-Fe-Sn system at annealing temperature
670 K [9], in addition to the ErFegSng stannide, revealed
the formation of another compound ErsFesSnig with a
cubic structure of the ThsRhgSnye-type. A new ternary
compound in the Lu-Fe-Sn system with a high Sn content
~LugFesSnyg, which the authors identified as a cubic
phase with a lattice parameter a = 1.3537 nm, was
reported in the Ref. [10]. Further structural studies have
demonstrated that the ~LusFegShig phase corresponds to
the LusFegSn;g compound with the ThsRheSnyg type
structure (a = 1.3235 nm) [13] and is isostructural to the
ErsFegSn;g compound [9].

The subject of the present paper consists of the
complete investigation of the Ho-Fe-Sn phase
equilibrium diagram at 670 K by X-ray powder
diffraction and electron microprobe analysis (EPMA).

. Experimental details

The samples with the weight of 1g were prepared by
a direct twofold arc melting of the constituent elements
(holmium, purity of 99.9 wt.%; iron, purity of
99.99 wt.%; and tin, purity of 99.999 wt.%) under high
purity Ti-gettered argon atmosphere on a water-cooled
copper crucible. After melting the overall weight losses
of the alloys were generally less than 1 wt. %. The pieces
of the as-cast buttons were annealed for one month at
670 K in evacuated silica tubes. The temperature of
annealing was chosen taking into account the low
melting temperature of Sn (232°C) and of the Ho-Sn
binaries at high Sn content [14]. The ampoules with
annealed ingots were removed from the furnace and
quenched in cold water.

Phase analysis was performed using X-ray powder
diffraction patterns of the synthesized samples annealed
at 670 K (diffractometer DRON-4.0, Fe Ka radiation).
The experimental diffraction intensities were compared
with reference powder patterns of pure elements, binary
and known ternary phases. The elemental and phase
compositions of the prepared samples were examined by
scanning electron microscopy (SEM) using REMMA-

102-02 scanning microscope. Quantitative electron probe
microanalysis (EPMA) of the alloys was carried out by
using an energy-dispersive X-ray analyser with the pure
elements as standards (an acceleration voltage was
20 kV; K- and L-lines were used). The data for the
crystal structure refinements were collected at room
temperature using STOE STADI P diffractometer
(graphite monochromator, Cu Ka, radiation).
Calculations of the crystallographic parameters were
performed with the WinCSD and FullProof suite
program packages [15, 16].

I1. Results and discussion

The binary boundary Ho-Fe, Ho-Sn and Fe-Sn
systems, which delimit Ho-Fe-Sn system, have been
investigated earlier, their phase diagrams and
crystallographic characteristics of the binary compounds
are reported in the literature [14, 17-19]. In the Fe-Sn
system we confirmed the existence of the FeSn (CoSn-
type) and FeSn, (CuAl,-type) binaries at 670 K in
agreement with Refs. [17, 18], other two phases Fe;Sn
and FesSn, formed above 870 K were not observed at
investigated temperature.

The Ho-Sn state diagrams used for our investigation
were taken from Refs. [14, 19]. We have synthesized all
the samples in the Ho-Sn system with the stoichiometry
corresponding to the literature data. The performed phase
analysis confirmed the formation of the HosSn; (MnsSis-
type), HosSn, (SmsGe,-type), Ho13Snye (HouGeg-type),
HoSn, (ZrSi,-type), Ho,Sns (Er,Ges-type) and HoSns;
(GdSn, s5-type) binaries. The Ho,Sns [19] and HosSn,
[20] binaries were not identified at the annealing
temperature, corresponding samples contain two phases
Ho4,Sny, HoSN, and Ho,Sns, HoSn,, respectively.

According to the references [17, 21] the Ho-Fe
binary phase diagram was investigated above 970 K, four
binary compounds Ho,Fe;; (ThyNigz-type), HogFess
(ThgMnys-type), HoFes (PuNis-type) and HoFe, (MgCus,-

Table 1
Crystallographic characteristics of the Ho-Fe, Ho-Sn and Fe-Sn binary compounds
Lattice parameters, nm
Compound Structure type | Space group " Ref.
c

Ho,Fe;; ThyNiy; P6s/mmc 0.8433(4) - 0.8306(5) this work
HogFeys ThgMn,; Fm-3m 1.2027(4) - - this work
HoFe; PuNis R-3m 0.5109(3) - 2.4477(4) this work
HoFe, MgCu, Fd-3m 0.7290(2) - - this work
HosSn; MnsSis P63/mcm 0.8845(3) - 0.6446(3) this work
HosSn, SmsGe, Pnma 0.7963(3) 1.5302(5) 0.8053(2) this work

Hoy;Snyo Ho1;,Geyo 14/mmm 1.1526 1.6768 [22]
HoSn, ZrSi, Cmcm 0.4381(2) 1.6190(5) 0.4288(2) this work
Ho,Sng Er,Gesg Pmmn 0.4307(2) 0.4387(3) 1.8907(5) this work

HoSn, GdSn, 75 Amm2 0.4335 0.4373 2.1757 [14]

FeSn CoSn P6/mmm 0.5300 0.4450 [23]
FeSn, CuAl, 14/mcm 0.6531(3) 0.5326(3) this work
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Table 2

EPMA and crystallographic data for selected Ho-Fe-Sn alloys annealed at 670 K

Nomir)a_ll Phase Structure Lattice parameters, nm EPMA data, at %
composition type a b c Ho Fe Sn
HogzsFegoSn; HoFe,Sn,., MgCu, 0.7316(6)
HoFe; PuNis 0.5091(3) 2.4479(6)
HosSn; MnsSis 0.8841(2) 0.6452(3)
HosgFegoSnyg HogFe,s ThsMny3 1.2043(5)
HoFe; PuNis 0.5089(4) 2.4482(6)
HosSn; MnsSis 0.8846(3) 0.6453(4) 62.37 37.63
HossFe30Snys HoFe, MgCu, 0.7296(4) 33.11 66.89
HosSn; MnsSis 0.8848(4) 0.6456(3) 62.37 37.63
(Ho) Mg 0.3579(3) 0.5596(4) 99.98
HooFegoSNn,g Ho11Snyg Ho11Gegg 11526(5) 16768(6)
(Fe) W 0.2873(2)
Ho15Fes5Sn30 (Fe) W 0.2872(3) 99.99
HoFe,Sn, ZrSi, 0.4403(3) 1.6221(6) | 0.4338(5) 30.29 7.63 62.08
HosoFe1oSnyg Ho,:Sn;g Ho,,Geyq 1.1525(5) 1.6770(7)
HosSn, SmsGey 0.7963(3) 1.5302(5) | 0.8054(3)
(Fe) W 0.2873(3)
Ho,0F€e40SN4g HoFe,Sn, ZrSi, 0.4403(3) 1.6222(5) | 0.4337(4) 29.59 7.76 62.65
(Fe) W 0.2874(2) 99.97
Ho3oF€e25SN,5 HoFe,Sn, ZrSi, 0.4402(4) 1.6223(5) | 0.4336(4) 30.46 7.77 61.77
Ho,,Sn; Ho,,Geyq 1.1525(5) 1.6767(7) 52.48 47.52
(Fe) W 0.2873(3) 99.98
HosFe,sSnsg FeSn CoSn 0.5298(3) 0.4446(3)
HoFegSng YCogGeg 0.5380(4) 0.4445(4)
FeSn, CuAl, 0.6532(3) 0.5318(3)
Ho,oFe30Snsg HoFe,Sn, ZrSi, 0.4404(4) 1.6224(5) | 0.4335(3) 29.78 8.02 62.20
HoFegSng YCogGeg 0.5379(4) 0.4444(4) 6.09 47.08 | 46.83
(Fe) W 0.2872(4) 100.0
Ho15F€e25Sngg HoFe,Sn, ZrSi, 0.4401(4) 1.6221(6) | 0.4338(4)
FeSn, CuAl, 0.6531(4) 0.5319(3)
HoFegSng YCogGeg 0.5380(5) 0.4445(4)
Ho15F€20SNes FeSn, CuAl, 0.6533(4) 0.5321(3) 32.88 | 67.12
HoFe,Sn, ZrSi, 0.4406(3) 1.6207(6) | 0.4309(4) 30.24 7.39 62.20
Ho,7Fe13Sngg HoFe,Sn, ZrSi, 0.4401(3) 1.6222(6) | 0.4335(3) 30.84 6.79 62.47
HoFegSng YCogGeg 0.5380(4) 0.4444(4) 6.23 47.49 | 46.28
Ho,oFe13Sng; FeSn, CuAl, 0.6532(4) 0.5323(4)
HoFe,Sn, ZrSi, 0.4405(3) 1.6223(6) | 0.4336(4)
Ho,Sns Er,Ges 0.4305(3) 0.4392(4) | 1.8925(5)

type) were found to exist. To check the formation of the
reported binary compounds under our conditions, the
samples of the corresponding compositions were
synthesized and annealed at 670 K. Performed phase
analysis showed the presence of the Ho,Fe;; (ThyNig-
type), HogFe,s (ThgMnys-type), HoFes; (PuNis-type), and
HoFe, (MgCu,-type) phases at investigated temperature.
Crystallographic characteristics of the binary compounds
of the Ho-Fe, Ho-Sn and Fe-Sn systems are presented in
Table 1.

Solubility of Sn in the HoFe, (MgCu,-type) binary
extends up to 5 at. % (a = 0.7290(2) nm for HoFe, and
a = 0.73168(5) nm for HossFeg,Sns sample). The
solubility of Sn in other compounds of the Ho-Fe system,
as well as of the third component in the binary
compounds of the Fe-Sn and Ho-Sn (except HoSn,
binary) systems does not exceed 1-2 at. %.

To establish the phase relations in the Ho-Fe-Sn
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ternary system prepared binary and ternary alloys were
examined by XRPD and EPM analyses. Based on the
obtained results the isothermal section of the Ho-Fe-Sn
system was constructed at 670 K over the whole
concentration range (Fig. 1). The phase composition and
EPMA data for the selected alloys are given in Table 2,
electron microphotographs of some alloys are shown in
Fig. 2.

In course of our study the interstitial-type solid
solution HoFe,Sn, (up to 8 at. % Fe) based on the HoSn,
(ZrSiy-type, space group Cmcm) binary compound was
observed similarly to [24, 25]. The limit composition of
this solid solution was estimated from the systematic
analysis of the cell parameters (¢ = 0.4403(3), b =
1.6223(5), ¢ = 0.4337(4) nm for Hos;FegSng; sample) and
by the results of electron microprobe analysis
(Hosp20F€763SNg208)- The volume of the unit-cell
increases with Fe content (V=0.3041 nm? for HoSn,,
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1. HoFe Sn,

= =]/
Fe Ho,Fe,;  HoFe, HoFe, Ho
HoFey;

Fig. 1. Isothermal section of the Ho-Fe-Sn system at 670 K

WD=24.8mm 50 WD=24.4mm 20.00kV_~ x800 __ S0pm

%

WD=25.8mm 20.00kV_~ x800 __ S0um WD=25.0mm

20.00kV__ x800

Fig. 2. Electron microphotographs of the Ho-Fe-Sn alloys (670 K): a) Ho,gFe4Snse (HoFeSn, — light phase, (Fe) —
black phase); b) Ho,7Fe 3Sng (HoFe,Sn, (Hos; gFes 3Snes 1) — light phase, HoFegSng — dark phase); ¢) HosoFe 3Sns;
(HoFe,Sn;, — grey phase, FeSn, — dark phase, Ho,Sns — light phase); d) Ho,gFezSnso (HoFegSng — grey phase,
HoFe,Sn, — light phase, (Fe) — dark phase); e) HoisFesSngo (HoFe,Sn, — light phase, HoFegSng — grey phase,
FeSn, — dark phase): f) HoanFe-=Sn.= (HoFe.Sn. — liaht phase. Ho11Sn.n — arev phase. (Fe) — dark phase).
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V =0.3098 nm®  for Hos;FegSng;)  confirming  the
insertion-type of the solid solution. The sample
Ho,;Fe;sSngy contains two phases in equilibrium -
HoFe,Sn, and HoFesSng (Fig. 2,b).

According to performed X-ray phase and electron
microprobe analyses the phase relations in the Ho-Fe-Sn
system at 670 K are characterized by the formation of
one ternary compound HoFegSns. Performed crystal
structure calculations showed that the HoFegSng
compound belongs to the hexagonal YCosGes-type
(space group P6/mmm, a = 0.53797(2), ¢ = 0.44446(2)
nm) [26] under used in our work conditions. Refined
atomic parameters for the HoFegSng stannide are given in
Table 3. According to the performed calculations, there
is an incomplete filling of positions 1a for Ho atoms and
2e for Sn2 atoms (Table 3). The obtained result is
consistent with the data of Ref. [26].

YCogGeg structure type (space group P6/mmm) is
derivative from binary CoSn structure type (space group
P6/mmm), which forms by insertion of the rare earth
atoms into hexagonal voids of the CoSn structure [26].
Structural studies showed that the RFegSng stannides
with YCogGeg structure type are characterized by
incomplete occupancy of the crystallographic positions
1a for R atoms and 2e for Sn2 atoms [9, 10, 26], which

may be due to the small value of the parameter ¢. An
increase of the parameter ¢ leads to the structure ordering
and realization of the series YFegSng, TbFegSng,
DyFeeSng, HoFesSne, ErFegSng structure types with
orthorhombic unit cell [27]. According to Ref. [11]
HoFegSng compound crystallizes in the HoFegSng
structure type (space group Immm) at annealing
temperature 1123 K, while using the lower annealing
temperature (670 K or 870K) leads to the
implementation of the YCogGeg structure type with
partial filling of the crystallographic sites for Ho and Sn2
atoms.

Structure of the HoFesSng compound (YCogGeg-
type) contains the structural fragments of the CaCus-type.
The main structural fragment is six capped hexagonal
prism (Fig. 3). Similar fragments are observed and in the
structure of the Ho,Fey; binary compound with the
ThyNiy7 structure type (space group P6s/mmc).

As it was reported in Ref. [9] a formation of the
ErsFesSnig compound with the cubic ThbsRhgSnyg
structure type was found in the Er-Fe-Sn system at
670 K. The existence of an isostructural compound has
also been established for Lu [13]. Our attempt to find
analogous phase in the Ho-Fe-Sn system was
unsuccessful. Phase analysis and EPMA data of the

Table 3

Atomic coordinates and isotropic displacement parameters for HoFegSngs compound
(space group P6/mmm, a = 0.53797(2), ¢ = 0.44446(2) nm, R, = 0.0569, Ry, = 0.0741, Rpsqq = 0.0668)

Atom \F?;};Ciggﬁf x/a y/b zlc Biso-10° (NnM?) Occupation
Ho 1a 0 0 0 0.60(1) 0.4(4)
Fe 3g 12 0 12 0.60(1) 1
Snl 2C 1/3 2/3 0 0.59(8) 1
Sn2 2e 0 0 0.3329(8) 0.58(1) 0.47(3)

HoFegSng

Fig. 3. HoFegSng and Ho,Fe;; compounds derivative from CaCus structure type.
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HoisFexsSngy  sample  showed three phases in
equilibrium - HoFeSn,, FeSn,, and HoFesSng (Fig. 1,
Fig. 2, e). The phase analysis of the samples with higher
Sn indicated that the corresponding samples belong to
the two- or three-phase fields: Ho;sFexSnes -FeSn, +
HoSn,; Ho,Fe;sSng; -HoFe,Sn, +FeSn, + Ho0,Sns
(Fig. 2, ¢).

Conclusions

An analysis of carried out investigations showed that
interaction of holmium with iron and tin at annealing
temperature 670 K results in the formation of one ternary
compound HoFesSng with the YCogGeg Structure type. It
should be noticed that the reduced number of the ternary
phases in the Ho-Fe-Sn systems does not differ from the
studied previously related {Y, Gd, Dy}-Fe-Sn and Er-Fe-
Sn systems at 770 K. For the R—Fe—Sn systems, where R
are heavy rare earth elements, the existence of the ternary
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@®a3oBi piBHOBaru B notpiiixiii cucremi Ho-Fe-Sn npu 670 K

1 . . . Lo . . . .
JIvgiscokuu nayionanvrull ynieepcumem im. 1. @panka, Jlveie, Yxpaiua, lyubov.romaka@gmail.com
2Hayionanvnuii ynicepcumem “JTosiscoka nonimexuixa”, JTvsis, Yxpaina, lygecka@i.ua
Inemumym docnidocenns meepoozo mina, Jpesoen, Himeuuuna, vromaka@gmail.com

B3aemo/1ist KOMITOHEHTIB Yy TOTPiiiHiH crcTemi HO-Fe-Sn mocrmimkeHa MeTojaMu peHTreHiBChbKOT Audpakiii,
MeTanorpadiyHoro i pEeHTTeHOCHEKTPaIbHOTO aHami3iB. [30TepMidHMii mepepi3 HiarpaMd CTaHy CHUCTEMH
nobynoBanuii 3a Temmeparypu 670 K B moBHOMY iHTepBasi KOHIEHTpauiid. B3aeMozis KOMIIOHEHTIB y cucTeMi
Ho-Fe-Sn npu 670 K xapakrepusyerbcst icHyBaHHSIM ofHiel TepHapHOi cronykn HOFesSng (cTpykTypHHMil THI
YCogGes, mpocroposa rpyma P6/mmm, a = 0,53797(2), ¢ = 0,44446(2) um). Ha ocHoBi Ginaphoi crionykun HoSn,
(cTpykTypHH# TUIl ZrSi,) BCTAHOBJICHO YTBOPEHHs TBEPIOro po3umnHy BKimoueHHs HOFe,Sn, (1o Bmicty 8 ar.%
Fe). PozunnHicTs Sn B 6inapHiii cnomyni HoOFe, (ctpykrypHuii T MgCu,) csirae 1o 5 ar. %.

KiouoBi ciaoBa: inTtepMmeramigy; cTaHiaw; (a3oBi JiarpamMu; KpUCTalTiyHa CTPYKTYpa; PEHTTCHIBChKa
muQpaxiis.
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