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Experimental studies of the phase equilibrium diagram of the Hf-Fe-Sn ternary system at 1070 K were
performed by X-ray powder diffractometry, scanning electron microscopy and electron probe microanalysis
techniques in the whole concentration range. At annealing temperature four ternary compounds are realized:
HfsFeSn2 (K2UFs structure type, space group P-62m), HfisFesSnss (Hfis2FesSnasz structure type, space group
Cmmm), HfsFeaSna (ZrsFesSna structure type, space group Pnma), and HfoFes7Snio.s (HfoFesSnio structure type,
space group Cmc21). An existence of the Hf1-xFea+x-ySny solid solution formed by substitution of the iron atoms by
tin in the HfixFe2+x (MgZn2-type) binary compound up to 19 at. % Sn was found. Solubility of Fe in the HfsSns
binary (MnsSis-type) extends up to 10 at. % (a=0.8363(2)-0.8324(4), c=0.5726(1)-0.5686(4) nm).
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Introduction

Hafnium-based alloys are employed in different
industrial ~ fields  (nuclear  reactor,  medicine,
microprocessors, etc.). Some intermetallic compounds of
Hf and the transition metals Fe, Co, Pd and Pt have been
investigated as hydrogen-storage materials because of
their capability to form hydrides with high hydrogen to
metal ratios at room temperature [1]. Influence of Hf
impurity on microstructure and mechanical properties of
the W-Fe-Ni alloys was reported in Ref. [2]. Doping of
the TiFe phase by hafnium has a positive effect on the
activation properties [3].

Despite the increasing importance of hafnium in
numerous technological applications, experimental and
computational data on its alloys is sparse. These
computations predict novel unsuspected compounds and
indicate that some reported compounds may actually be
unstable at low temperatures [4].

Among ternary intermetallics half-Heusler phases
HfNiSn, HfCoSb, HfRhSb, HfPiSb (MgAgAs-type)
exhibit semiconducting behavior [5-7] and represent
basis for creation of the new thermoelectric materials.

The investigation of the metallic systems at selected
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temperatures is important step to provide valuable
information of the sample preparation method,
temperature of the heat treatment, stability, composition
and crystal structure peculiarity of the ternary
compounds. This knowledge play significant role for
studies of the physical property which in many cases are
strongly dependent on the synthesis, heat treatments,
stability, —homogeneity domains, and structural
disordering of the intermediate phases. At present among
metallic systems Hf-M-Sn (M-d-element) the phase
equilibrium diagrams were studied for the Hf-Ni-Sn [8],
Hf-Co-Sn [9] and Hf-Ag-Sn [10] ternary systems. For
Hf-containing systems with other d-element the
structural and physical characteristics of individual
compounds have been studied only [11]. Investigated
phase diagrams of the Hf-{Co,Ni,Ag}-Sn systems
demonstrate an influence of d-metals on the interaction
of Hf and Sn with Ni, Co or Ag. Among them only in the
Hf-Ag-Sn system at 770 K no ternary phases were
observed. Both Hf-Ni-Sn and Hf-Co-Sn systems are
characterized by the presence of isotypic HfM.Sn
(MnCuzAl-type) and HfsMzSn (K:UFe-type) [8, 9, 12]
compounds. In the case of equiatomic compounds the
type of 3d-metal leads to the different crystal structure of
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the HfMSn stannides cubic MgAgAs-type for
Hf(Ni,Pd,Pt)Sn, hexagonal ZrNiAl-type for
Hf(Co,Rh,Ir)Sn, and hexagonal LiGaGe-type for HfCuSn
[11, 13,14].

To know the intrinsic properties of the intermetallics
the first step is to determine their relations with other
phases and to evaluate the compositions and
homogeneity range. The subject of the present paper
consists of the complete investigation of the Hf-Fe-Sn
phase equilibrium diagram at 1070 K by X-ray powder
diffractometry and electron probe microanalysis
(EPMA).

I. Methods and materials

For our investigations samples were synthesized by
an arc-melting method under purified (Ti as a getter) Ar-
protected atmosphere using the starting metals with a
purity: Hf — 99.98 wt. %; Fe - 99.99 wt.%; and Sn-
99.99 wt.%. In order to ensure the homogeneity the arc-
melted buttons were turned over and re-melted with
weight losses lower than 1 %. Taking into account high
melting temperature of Hf and Fe the alloys were
annealed at 1070 K (temperature control £2 K) during
four weeks in evacuated quartz ampoules, and then
quenched in cold water without breaking of the
ampoules.

Prepared samples were tested by X-ray powder
diffraction (DRON-4.0 diffractometer, FeKo radiation)
to obtain an information on their phase composition and
formed intermediate phases (PowderCell program [15]).

The chemical and phase compositions of the
prepared samples were examined by Scanning Electron
Microscopy (SEM) using Carl Zeiss DSM 962 and
Tescan Vega 3 LMU electron microscopes with a Link
EDX system operated at 20 kV and 60 pA. Quantitative
electron probe microanalysis (EPMA) of the alloys was
carried out using an energy-dispersive X-ray analyzer
with the pure elements as standards (K- and L-lines were
used). Crystallographic parameters were calculated using
WinCSD program package [16].

I1. Results and discussion

To establish the phase relations in the Hf-Fe-Sn
system the prepared alloys were examined by X-ray
phase analysis and scanning electron microscopy. Phase
compositions of the selected alloys at 1070 K are
presented in Table 1. The SEM-pictures of some alloys
are shown in Figs. 1, 2. Based on the obtained results
isothermal section of the Hf-Fe-Sn system was
constructed and illustrated in Fig. 3.

Data on the phase diagrams of the Hf-Fe, Hf-Sn,
and Fe-Sn binary systems, which limit the studied
ternary Hf-Fe-Sn system, and the structural data of the
corresponding binary compounds were used from Refs.
[17-19]. Under used in our work conditions the presence
of almost all binary compounds in the Hf-Sn, Fe-Sn and
Hf-Fe systems corresponded to the reference data was
confirmed. In the Fe-Sn system the FesSn, (FesSn,-type),
Fe167Sn (NizIn-type) and FesSn (MgsCd-type) binaries
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were identified. In the Hf-Sn system the HfsSnz (MnsSis-
type), HfsSns (TisGas-type) and HfSn, (CrSip-type)
compounds have been confirmed at 1070 K, while a
formation of the HfSn (FeSi-type) binary was not
detected under our conditions. Sample HfsoSnso contains
HfsSns and HfSn; phases in equilibrium.

1. Electron microphotphs the IIy

Fig.
a) HfsoFessSns — Hf:Fe (grey phase), HfgFeSny (white

phase), HfFe, (black phase); b) HfisFenSnis -
Hfi«FesxySny (white phase), FesSn (grey phase), Fe
(black phase); c) HfswFesSn — HfsFexSnax (white
phase), HfixFeaxySny (grey dark phase), HfsSns (grey
light phase); d) HfsoFeioSnzo - HfsFeSns (grey light
phase), Hf.xFezxySny (grey dark phase); €) HfssFeisSnao
- HfgFes7Snios (grey phase), HfsSns (grey light phase),
HfyxFeoxySny (black phase); f) HfsFessSnss — FesSny
(dark grey phase), HfigFesSnss (grey phase), Sn (light
phase).

Analysis of the binary samples of the Hf-Fe system
confirmed the presence of the HfFe, and Hf:Fe (Tiz2Ni-
type) compounds. Two polymorphic forms were
identified for HfFe, phase — hexagonal modification with
MgZna-type and cubic one with MgCuo-type [17].
Hexagonal modification Hfi..Feo.x (MgZn,-type) binary
is characterized by large homogeneity range limited from
EPMA data by HfysaaFe7456  and  HfszesFessar
compositions. Determined from EPMA data composition
for HfFe, cubic modification is Hfz724Fes2 76.

According to performed XRPD and EPM analyses in
the Hf-Fe-Sn system at 1070 K four ternary compounds
were confirmed (Fig. 3). Crystallographic characteristics
of the observed ternary compounds are given in Table 2.
HfsFesSns  and  HfsFeSn, compounds form at
corresponding stoichiometry. The compositions of the
Hf1.3F€‘5SI']3.3 [20] (Hf17,13F€‘4e.958n35.37) and Hf9F83,7sn10,3
[21] (Hfzg.70F€15.88SN44.42) compounds were confirmed by
EPMA data.
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Table 1
Phase composition and EPMA data for selected alloys in the Hf-Fe-Sn system
Nomir_wa}l Phase Structure Lattice parameters, nm EPMA data, at %
composition type
a b c Hf Fe Sn
HfsoFessSns HfsFeSn, KaUFs 0.7762(8) 0.3378(5) | 67.16 | 12.92 | 19.92
Hf,Fe TioNi 1.2007(3) 66.37 | 32.98 | 0.65
HfFe, MgCu, 0.7048(8) 37.01 | 6554 | 045
HfssFessSnio HfFe, MgZn, 0.4942(6) 0.8157(7)
HfsFeSn, K2UFs not determined
HfisFezoSnss HfFe, MgZn, 0.4937(2) 0.8011(5) | 25.44 | 66.88 | 7.68
FesSn MgsCd 0.5422(6) 0.4318(6) 1.06 | 74.18 | 24.76
(Fe) W 0.2884(2) 100.0
HfzoFe10Sn2o HfsFeSn, KaUFs 0.7801(2) 0.3426(2)
(Hf) Mg 0.3187(1) 0.5092(2)
HfsSns MnsSis 0.8328(9) 0.5764(9)
Hf72F€14Sﬂ14 HsteSnz K>UFg 0.7791(2) 0.3427(2)
Hf.Fe TizNi 1.2011(4)
(Hf) Mg 0.3188(3) 0.5090(2)
Hf2sFesoSnas HfFe, MgZn, 0.5096(3) 0.8276(5) | 24.72 | 57.10 | 18.18
HfsFesSny Zr3FesSny 0.8126(3) | 0.8882(4) 1.0602(5) | 27.98 | 36.21 | 35.81
HfygFesSnss HfygFesSnss 0.9702(4) | 1.6823(6) 0.8446(3) | 17.18 | 46.95 | 35.87
HfsoFeasSnas HfsSns..Fex MnsSis 0.8363(8) 0.5720(5)
HfFe; MgZn, not determined
HfioFessSnss | HfigFesSnss HfisFesSnazs | 0.9704(4) | 1.6822(7) | 0.8446(3)
Fe1e7Sn NizIn 0.4218(3) 0.5211(3)
HfssFe11Snss HfsSns.<Fex MnsSis 0.8320(7) 0.5684(4)
HfxFeonySny MgZn, 0.5093(2) 0.8276(5)
HfsSny TisGay 0.8683(4) 0.7597(4)
Hf1oFegoSnso Hf1 sFesSns s Hf1 gFesSns g 0.9703(5) 1.6824(6) 0.8446(3) 17.54 | 46.43 | 36.03
FesSn MgsCd 0.5462(3) 0.4365(4) 74.87 | 25.13
Hf3pFesSnso HfsFesSny ZrsFesSny 0.8126(3) | 0.8884(3) 1.0602(6)
HfFe, MgZn; 0.5093(3) 0.8274(5)
HfsFes7Snios | HfoFessSnios | 0.5676(5) | 3.5875(7) | 0.8873(5)
Hfz0Fe4sSnss HfsFesSny Zr3FesSny 0.8126(3) | 0.8884(2) 1.0601(5)
Hf1sFesSnss HfygFesSnss 0.9704(4) | 1.6820(7) 0.8445(4)
HfssFe15Snao HfsFes7Sn1g3 HfsFes7Snigs | 0.5677(7) | 3.5875(5) 0.8875(4) | 40.03 | 16.79 | 43.18
HfsSny TisGay 0.8684(3) 0.7597(3) | 56.44 43.56
HfFe2xSny MgZn, 0.5095(4) 0.8273(5) | 35.64 | 45.78 | 18.58
HfyoFesSnag HfsFesSny Zr3FesSny 0.8128(3) | 0.8885(3) 1.0662(4) | 29.00 | 35.68 | 35.32
(Sn) Sn 0.5828(4) 0.3177(2) 100.0
HfygFesSnss HfygFesSnss 0.9705(5) | 1.6822(6) 0.8444(5) | 17.99 | 47.19 | 34.82
Hnge455n45 Fegsnz Fe3Sn2 05365(3) 19724(5) 59.62 40.38
HfygFesSnss HfygFesSnss 0.9705(5) | 1.6821(7) 0.8446(5) | 17.20 | 47.03 | 35.77
(Sn) Sn 0.5799(2) 0.3177(3) 100.0
Hf2sFe25Snso HfsFesSny ZrsFesSny 0.8130(2) | 0.8885(2) 1.0661(3) | 29.28 | 34.75 | 35.97
(Sn) Sn 0.5828(2) 0.3178(2) 100.0
HfoFes 7Snio3 HfsFes7Snigs | 0.5676(5) | 3.5875(7) 0.8874(3) | 39.28 | 17.57 | 43.15
Hfs0Fe10Snso HfSn, CrSi; 0.5470(2) 0.7595(4) | 33.65 | 1.91 | 64.44
HfoFes 7Snio3 HfsFes7Snigs | 0.5675(6) | 3.5876(7) 0.8875(4) | 40.89 | 17.00 | 42.11
HfsSny TisGas 0.8692(3) 0.5869(3) | 54.20 45.80
Hf3oFe10Sneo (Sn) Sn 0.5829(4) 0.3181(3)
HfSn; CrSiy 0.5469(3) 0.7596(4)
HfoFes7Snios | HfoFeszSnios | 0.5675(6) | 3.5876(7) | 0.8874(5)
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SEM HV: 25.0 kv WD: 15.33 mm
View fleld: 130 pm Det: BSE 20 pm
SEM MAG: 2.13 kx _ Date(m/dly): 03/22/21 Ivan Franko National University of Lviv

a

VEGA3 TESCAN|

SEM HV: 25.0 kV VEGA3 TESCAN|
View fleid: 130 ym

SEM MAG: 2.13 kx

WD: 14.95 mm

Det: BSE 20 pm

Date(m/dly): 03/22/21 Ivan Franko National University of Lviv

b

Fig. 2. Electron microphotographs of the alloys: a) HfyoFessSnss - Hf1 gFesSns g (grey phase), HfsFeaSna (light phase);
b) Hfs7Fe1sSnis — HfsFeSn, (grey phase), Hf (light phase), HfzFe (dark grey phase)

Sn

1. Hf FeSn,

2. Hf [FesSny
3. Hf,Fe,Sn,

4. HfgFey,Sn,, 5

Fe HfFe,(h) HiFe,(c) Hf,Fe Hf
Fig. 3. Isothermal section of the Hf-Fe-Sn phase

diagram at 1070 K.

In Ref. [22] the authors studied the M’sM”15+xSN1.5.x
compounds (M’=Zr, Hf, M”-d-metal) with KoUFs type
structure. In this work HfsFeis+Snisx compound was
reported as isotypic with ZrsCo165Sn135 Stannide with
lattice parameters a=0.7909, ¢=0.3424 nm. In our work
we confirmed this compound, but the determined
composition Hfez.16F€11.92SN2092 from EPMA data differ
from composition reported in [22] (Hfes7FesSnis) and
rather corresponds to the stoichiometry HfgFeSn,. In this
case crystallographic position 2d is occupied exclusively
by Sn atoms. Analysis of the Hfg;Fe1gSnis sample
showed that it is located in the three-phase field and
contains HfsFeSn,, Hf;Fe and Hf in equilibrium

(Fig. 2b).

We also checked the possible formation of the
HfFesSne compound similarly to the related Zr-Fe-Sn
system [23]. According to the phase analysis of the
annealed at 1070 K and as-cast sample compound with
stoichiometry 1:6:6 was not observed in the Hf-Fe-Sn
system. Examined sample HfsFessSnass (1070 K) belongs
to three-phase field and contains Hf;gFesSnss, FesSn,
and Sn in equilibrium (Fig. 1f).

With regards the literature data in the systems with
two d-elements and tin the ternary phases with
HfsCuSns-type are formed. In the previously studied
Hf—{Co, Ni, Ag}-Sn systems [8-10] the formation of the
HfsM,Shs solid solutions was revealed, and the limiting
compositions of these solid solutions at x = 1.0 were
considered as ternary phases with HfsCuSns-type. To
check the formation of analogous solid solution in the
Hf-Fe-Sn system the region along “HfsFeSns”-HfsSns
line was studied. The XRPD and EPM analyses of the
corresponding samples indicated the formation of the
substitution-type solid solution HfsFe,Snsx along
isoconcentrate 62.5 at. % of Hf up to Fe content ~10 at.
%. (Table 3). Decreasing of the volume cell with Fe
content confirmed the substitution of the Sn atoms
(rsn=0.158 nm) by smaller Fe atoms (ree=0.127 nm). The
HfssCu11Snss alloy is located in the three-phase field and
contains HfsFexSna.x, Hf1.xFez.xySny and HfsSns phases.

The formation of the substitution-type solid solution
Hf.xFe2xySny was established on the basis of the Hfi.
«Fe2+x binary compound with MgZn,-type. Solubility of
Sn along isoconcentrates of Hf reaches up to about 19 at.
%. Composition and lattice parameters of the samples of
the HfyxFe2+ySny solid solution along isoconcentrate
30 at. % of Hf are presented in Table 4. The limit

Table 2.
Crystallographic characteristics of the ternary compounds in the Hf-Fe-Sn system
N* Compound Structure type Space group Lattice parameters, nm
a b c

1 | HfeFeSn; KaUFs P-62m 0.7901(2) 0.3426(2)
2 | HfigFesSnss Hfy g FesSnagn Cmmm 0.9689(7) 1.6842(4) 0.8448(6)
3 | HfsFesSny ZraFesSng Pnma 0.8130(2) 0.8885(2) 1.0661(3)
4 | HfoFe37Snios HfgFesSnig Cmc2; 0.5678(3) 3.4952(6) 0.8877(4)

“Compound number corresponds to Fig. 1.
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Table 3
Composition and lattice parameters of the samples of
the HfsSna.«Fey solid solution

Composition Latt;ce parametersé M|y me
Hfs25Sn375
(HfsSna) 0.8363(2) 0.5726(2) 0.3403
Hfg25Fe3Snass 0.8351(2) 0.5696(4) 0.3386
Hfe2.5FesSnszs 0.8335(2) | 0.5694(1) | 0.3393
Hfe2.5Fe7Snso.s 0.8330(1) 0.5690(3) 0.3376
Hfe2.5Fe10SN27.5 0.8324(4) 0.5686(4) 0.3376
Hfe2.5Fe12SN2s 5 0.8318(4) 0.5683(3) 0.3375

Table 4

Composition and lattice parameters of the samples of
the Hf1..Fez+xySny solid solution

Composition Lattice parameters, nm V, nm®
a c

HfzoFezo 0.4947(2) 0.8054(5) | 0.1706
HfsoFes7Sns 0.4950(2) 0.8066(6) | 0.1711
Hf3oFessSns 0.4964(1) 0.8085(6) | 0.1725
HfsoFes255n7.5 0.4973(2) 0.8087(7) | 0.1732
HfsoFesoSnio 0.4978(2) 0.8088(7) | 0.1736
HfsFes7sSnizs | 0.5068(8) 0.8231(6) | 0.1830
Hf3soFessSnss 0.5092(6) 0.8261(7) | 0.1855
HfzoFes2Snig 0.5095(2) 0.8277(5) | 0.1861
"HfsoFesoSn2o 0.5094(3) 0.8277(7) | 0.1860

* - two phase sample.

composition of this solid solution was estimated from the
systematic analysis of the cell parameters and by the
results of electron probe microanalysis. Sample
HfsoFesSny is located in the three-phase field and

contains Hfl.XFe2+X.ySny (Hf33,07Fe48,288n18,55), Hf5FexSn3.X
and HfsSngs phases in equilibrium (Fig. 1, c).

The solubility of the third components in other binary
compounds is less than 1-1.5 at. %.

I11. Final remarks

Performed in our work studies showed that
interaction of hafnium with iron and tin at 1070 K results
in formation of four ternary compounds HfsFeSny,
Hf1 gFesSns s, HfsFesSna and HfgFes 7Snig s and prolonged
HfixFexxySny and  HfsFe,Snsx  solid  solutions.
Comparing the studied Hf-Fe-Sn system and taking into
account the literature data for the related systems Hf-
{Co,Ni,Cu,Ag}-Sn we may note that the ternary
compounds with equiatomic composition appear only in
the systems with Co, Ni, and Cu. Depending on d-
element they crystallize in different structure types [8, 9,
14]. The similarity in the interaction of the components
in the investigated Hf-{Fe,Co,Ni}-Sn systems is
displayed by the formation of the HfsMSn, compounds
with KoUFs structure type [22]. Other ternary phases,
HfygFesSnss, HfsFesSns and HfsFeszSnios, are typical
only for the Hf-Fe-Sn system.
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Hiarpama ¢a3zoBux piBHoBar cucremu Hf-Fe-Sn npu 1070 K

YUlvsiscoruii nayionanonutl ynicepcumem im. I. @panxa, eyn. Kupuna i Megodis, 6, JIveis, 79005, Vipaina,
2Texniunuii ynieepcumem Jlpesoen, Bepaumpacce, 66, 01069 JIpesoen, Hiveuuuna
SHayionanvruil yHieepcumem “‘Jlvsigcoka nonimexuixa”, éya. C. banoepu, 12, Jlvsis, 79013, Vrpaina,
lyubov.romaka@gmail.com

ExcriepyMeHTanbpHe JOCHIPKeHHsT fiarpaMu (a3oBUX piBHOBar mnotpiiioi cucremn Hf-Fe-Sn Bukonano
METOJJaMH PEHTTeHIBChKOT Mudpakiii i CkaHyI040l eJIeKTPOHHOI MIKpOCKOIii B IIOBHOMY KOHIIEHTpaLiifHOMY
inTepBani npu 1070 K. 3a TemmepaTypu MOCTIMIKECHHS B CHCTEMi YTBOPIOIOTHCS YOTHPU TEPHAPHI CIIONYKH:
HfsFeSn2 (crpykrypuuit Tun K2UFs, mpocroposa rpyna P-62m), Hf1.sFesSnas (ctpykrypuwuii Tun Hf1.g2FesSnasz,
mpocropoBa rpyrma Cmmm), HfsFesSng (ctpyxrypruit Tun ZrsFesSns, mpocroposa rpyma Pnma) i HfsFes.7Snios
(ctpyxrypumit T HfoFesSnio, mpoctopoBa rpyma Cmc21). Ha ocHoBi Ginapuoi cmomyku HfixFezx
(cTpykTypHHIt THII MgZn2) BCTAHOBIEHO YTBOPEHHS TBEpIOro po3unHy 3amimeHHs HfixFezwxySny no smicty 19
ar. % Sn. Posumnnicte Fe B Oinapuiii cnomymi HfsSns (cTpyxrypruii Tum MnsSis) csrae mo 10 ar. %
(a=0.8363(2)-0.8324(4), c=0.5726(1)-0.5686(4) uHMm).

Kiwuosi cnoBa: Iurepmeraniau; da3oa miarpama; PenrtreHiBcbka mudpakinis; CkaHyroda eleKTPOHHA
MIKPOCKOTTis.
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