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The isothermal section of the phase diagram of theernary system Hf—-Ga-Si was constructed in the whel
concentration range at 600°C, using X-ray powder ath single-crystal diffraction. Continuous solid soltions

HfsGas,Siy (x = 0-3) and H{Ga,,Six (x = 0-1) are formed between the isostructural biary compounds HEGas

and HfsSis (structure type MnsSis) and Hf,Ga and Hf,Si (structure type CuAl,). The other binary compounds
of the systems Hf—-Ga and Hf-Si do not dissolve no&able amounts of the third component. One ternary
compound, HfGa 3Sipe7 IS formed in the system (structure type TII, Peason symbol 0S8, space group
Cmcem, a = 3.7338(7)b = 9.889(2) ¢ = 3.7441(7) A). No tendency towards ordering of thGa and Si atoms was

observed in the structures of the ternary phases.

Hafnium / Gallium / Silicon / Phase diagram / X-raydiffraction / Crystal structure / Solid solution

Introduction

Among the ternary systems {Ti, Zr, Hf}—
{Al, Ga, In}-Si, isothermal sections in the whole
concentration regions have been constructed for the
systems {Ti, Zr}—Al-Si (at 600 and 1200°C for both)
and {Ti, Zr}-Ga-Si (at 800°C)1-4]. Two ternary
compounds were found in the system Ti—Al-Si:
Tio.geAl0.24.0.65i1.88-1.50 (Structure type Zi75AISi 25),
TiAl 9.30.0.68311.70-1.40 (Structure type Zr%) and three in
the system Zr—Al-Si: ZrAlSii,s (structure type
Zro75AISI1 29 [S], ZrAlp 20.0.25310.80-0.75 (Structure type
TII) and ZrAl, 70.2.58310.30-0.42 (Structure type TiA) [6].

The ternary systems {Ti, Zr}-Ga-Si are charactetize
by the formation of one ternary compound each:
TiGag 200681180132 (Structure  type Zrg) and
ZrGay 66-0.9810.34-0.10 (Structure type TII)4]. Besides,
the isothermal section of the phase diagram of the
system Ti—-Ga-Si at 1350°C has been constructed in
the Ti-rich cornef7-9]. The formation of two ternary
compounds, HfAJsSigs (structure type TII[6] and

Hf1 95Alg00Sip.15 (Structure type CuA) [10] was
reported for the system Hf-AI-Si. There are no
literature data about investigations of ternaricisies

of Ti, Zr or Hf with In. Among the ternary systems
Hf-Ga—{Si, Ge, Sn} only the system with Sn has been
studied in the whole concentration region (at 6Q0°C
[11]. It is characterized by the formation of one
ternary compound, HBGa .4.055M 76045 (Structure
type NBSiSn). For the system Hf-Ga-Ge, the
existence of a Mybis-type continuous solid solution
HfsGaGe, (x = 0-3) at 600°C was reported[itR].

84

The binary systems that delimit the ternary
system Hf-Ga-Si have been studied in the
whole concentration range and the corresponding
phase diagrams constructefl3]. Seven binary
gallides were found in the system Hf-Ga.
The compounds HfGa, and HEGa melt
congruently at 1700 and 1730°C, respectively; HfGa
Hf,Ga, and HfGa form via peritectic reactions
at 1400, 1480, and 1550°C, respectively, whereas
HfGa, and HfGa form via peritectoid reactions at
1100 and 1200°C, respectively. The existence of
five binary compounds was reported for the Hf-Si
system: HiSi, with congruent melting at 2480°C, and
HfSi,, HfSi, HfSi,, and HSi, which form
peritectically at 1543, 2142, 2320, and 2083°C,
respectively. Additionally, the formation and cmlst
structure of the binary compound ¢3f; are reported
in the literature [14]. At first this phase was
considered to be stabilized by O, N, or C atoms
[15-17], however, it was later found to be stable as an
individual binary compoundl18]. The system Ga-Si
is characterized by a eutectic reaction at 99.9% a
Ga and 29.77°C. Binary compounds do not form in the
Ga-Si system.

In this work we present the results of
an investigation of the ternary system Hf-Ga-Si
at 600°C. To the best of our knowledge it is
the first time that the interaction of these
components is studied. At the temperature
of the investigation (600°C) Ga metal is liquid,
thus a liquid region will be observed in the Ga
corner.
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Experimental

The investigation was carried out on 13 two-
component and 75 three-component alloys, which
were synthesized from high-purity metals (HEf
99.9 wt.%, Gae 99.99 wt.%, Sk 99.999 wt.%) by arc
melting, using a tungsten electrode and a wateledoo
copper hearth under a Ti-gettered argon atmosphere.
To achieve high efficiency of the interaction betwe
the components, the samples were melted twicer Afte
the synthesis the alloys were wrapped into tantalum
foil to ensure their isolation, sealed in quartzanies
under vacuum, and annealed at 600°C for 720
Finally the ampoules with the samples were quenched
into cold water. The weight losses, which were
controlled at all stages of the synthesis, didexaeed

1 wt.% of the total mass, which was approximatety 1
for each alloy.

Phase analysis and structure refinements were
carried out using X-ray powder diffraction data
collected on diffractometers DRON-2.0M (Re-
radiation, angular range 2020 <120°, step 0.05°)
and STOE Stadi P (Okos-radiation, angular range
6-10<26<110° step 0.015°). The profile and

method, using the program package FullProf Suite
[19]. A single crystal was extracted from the alloy of
composition HfGa;Sizz. X-ray single-crystal
diffraction data were collected in thg-oscillation
scan mode at room temperature on a Stoe IPDS-IIT
diffractometer (MdKa-radiation, A= 0.71073A,
graphite monochromator, imaging plate detector). An
analytical absorption correction was applied using
X-Shape/X-Red softwarg0,21]. The structures were
solved by direct methods, using the program
SHELXS-97 [22], and refined using the program
SHELXL-97 [22] under the graphical user interface
WIinGX [23].

Results
Binary systems

The existence of 13 compounds at 600°C in the
boundary binary systems Hf-Ga and Hf-Si was
confirmed. Crystallographic data for the binary
compounds of the systems Hf-Ga and Hf-Si,
including literature data and cell parameters efim

structural parameters were refined by the Rietveld this work, are summarized in Tablel
Table 1 Crystallographic data for the binary compoundthefsystems Hf—-Ga and Hf-Sn.

Compound St:;g;ure Zsr?]rt?c?ln Space grouq a Cell par%meters, A c Reference
HiGa, TiAly ug |4/mmm 3.8?%351(15 _ 9_091'22(23) Eﬂ
HfGa, HfGa t124 14,/amd 4_3400486(5) ~ 2255422((36) Eﬂ
Hf2Ga 21l OF40 Fdd2 9.4?6;2?16) 13%.363?:23(3) 5.54252(8 Eﬂ
HiGa Thin oP24 Pbcm 9.19635(110) 8%3873(8) 5.5622?1(6 Eﬂ

HinGa, | HouGey us4 14/mmm 101.(2)é28872(5) _ 14.17???43(1: ) E%
HfsGag MnsSis hP16 P6s/mcm 7.976'?)1?10) B 55676;396 ®) Eﬂ
Hf,Ga CuAlb t112 [4/mem 6. 66;;2?19) B 5?:.%26?3?2) Eﬂ

HISI ZrSk 0Sl2 Cmem 3.2669762(2) 14.152557(11 3?6%3(3 s work
HISI FeB oP8 Pnma 6.2'782%19(7) 3.3;675(4) 5%353(7 s work
Hsh | znsi | w3 | P422 | ogae | L | o) s work
HisSk, UsSiy tP10 P4/mbm 6.8596%18(6) _ 3%277?(3) t[f11ii]work
HfsSis MnsSis hP16 P6;/mcm 7.;48554(3) _ 5.3'3372(3) thie work
HILSI CuAk t12 4/mem 6.2&351503(2) _ 5.51'8155(2) i work
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Isothermal section of the phase diagram of theesyst
Hf-Ga—Si at 600°C

The isothermal section of the phase diagram of the
ternary system Hf—-Ga-Si at 600°C is showrian 1

It is constructed from 15 single-phase, 26 two-phas
and 12 three-phase fields. Two continuous solid
solutions form in the system, between the isostiratt
binary compounds H&a and HESis (structure type
MnsSis) and between HGa and HfSi (structure type
CuAl,). The other binary compounds of the systems
Hf-Ga and Hf-Si do not dissolve noticeable amounts
of the third component. One ternary compound of
constant composition HfGasSips; Was found at
600°C|[28]. It is characterized by the highest number
of equilibria (9) in the system.

The ternary compound HfGaSk 67

The crystal structure of the ternary compound
existing on the line with 58t.% Hf was found

1. HfGao_33Sio_67

to be different from the structures of
the binary compounds HfGa (structure type Thin) and
HfSi  (structure type FeB). It was studied
by X-ray single-crystal diffraction. The ternary
compound HfGgsSipe; crystallizes in  the
orthorhombic  structure type Tl (Pearson
symbol 0S8, space groupCmcm a=3.7338(7),
b=9.889(2), c=3.7441(7&) [28]. One of
the two sites in Wyckoff position c4is occupied
by Hf atoms and the second one by a
statistical mixture NI) of Ga and Si atoms in the ratio
1:2. Atomic coordinates and displacement
parameters are listed imable2. The unit cell
content and the coordination polyhedra
the atoms in the structure of HfGsSijer
are shown on Fig.2. The Hf atoms center
17-vertex polyhedra _ HA;Hf;,  (pentagonal
prisms MgHf, with seven additional atoms
above the faces). The atoms of the statistical
mixture center 9-vertex polyhedra MM,Hf;
(trigonal prisms Hf with three additional atoms
above the side faces).

of

Si HfSiy  HfSi/HESi HESE Hf
HfsSiy  Hf5Si3

Fig. 1 1sothermal section of the phase diagram of theegysif—Ga—Si at 600°C.
Table 2 Atomic coordinates and displacement paramete%)sf()& HfGay 33Sip 67

Site wyckoff y z U

position ed

Hf 4c 0 0.35415(7) Ya 0.0109(5)

M2 4c 0 0.0813(4) Ya 0.0120(13)
Site Uy Uy Uss U, Uis Uys
Hf 0.0129(6) 0.0112(6) 0.0086(6 0 0 0
M2 0.016(2) 0.0105(18) 0.0092(18) 0 0 0

"M = 0.33(2)Ga + 0.67(2)Si
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H_fZ\47H f1 0

Fig. 2 Unit cell and coordination polyhedra of the atamghe structure of HfGg:Sig 7.

Solid solution HGag_,Six (x = 0-3)

A continuous solid solution H&&,Sik (x=0-3)
forms between the binary compoundssGH and
HfsSi; in the system Hf-Ga-Si along the line with
62.5at.% Hf. It was studied by X-ray powder
diffraction on 8 samples of different compositions.
The solid solution HGa.,Si, (x=0-3) retains the
structure of the limiting binary compounds: struetu
type MnSi;, Pearson symbohP16, space group
P6s/mcn). The cell parameters within the solid
solution decrease with increasing Si content
(a= 7.9601(10)-7.8445(3), c= 5.6779(8)-
5.4927(3)A), which is in agreement with the smaller
atomic radius of Si, compared to the atomic radius
Ga. Thea- and b-parameters decrease by 1.45%,
whereas thec-parameter decreases by 3.26%. The
composition dependence of the cell parametersus
the Si content in HG&,Sik (x=0-3) is shown
onFig. 3.

Solid solution HiGa,_,Si; (x = 0-1)

Along the line with 66.4t.% Hf another continuous
solid solution, HfGa.,Siy (x= 0-1), forms. It
crystallizes with the structure type CuyAlike the
limiting binary compounds HGa and HfSi. The cell
parameters, refined from X-ray powder diffraction
data, decrease with increasing Si content
(a= 6.6815(19)-6.5510(2); = 5.363(2)-5.1862(24)
within the solid solution. Thea- and b-parameters
decrease by 1.95%, whereas thgarameter decreases
by 3.30%. The composition dependence of the cell
parametersversus the Si content in HGa.,Si

(x = 0-1) is shown offrig. 4.
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Fig. 3 Cell parameters as a function of the Si
content in the solid solution KEba;.,Sik
(x=0-3).

Discussion

The Hf-rich region of the phase diagram of the @eyn
system Hf-Ga-Si at 600°C is characterized by the
existence of continuous solid solutions between
isostructural binary compounds of the Hf-Ga and
Hf-Si systems. The formation of similar continuous
solid solutions has been reported for related syste
Zr,Al,Siy (x = 0-1) with CuAb-type structure in the
Zr—Al-Si system at 1200°CG2] and HfGa.,Ge

(x = 0-3) with MnSis-type structure in the HI-Ga—-Ge
system at 600°C28]. Obviously, the small difference
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Fig. 4 Cell parameters as a function of the Si
content in the solid solution Kba.,Sik
(x =0-1).

between the atomic radii of thgeblock elements, with
respect to the size of the Hf atoms, does not enite
significantly the crystal structures of the phasethe
Hf-rich part of the system Hf—Ga-Si. On the contrar
the Hf-poor region of the phase diagram of theagrn
system Hf-Ga-Si at 600°C is characterized by the
absence of isostructural binary compounds in the
systems Hf—Ga and Hf-Si and by negligible solupilit
of the third component in the binary compounds. In
this part of the system, theblock elements dominate
the formation of phasese. the difference between Ga
and Si is pronounced and results in different nusbe
and stoichiometry of the binary compounds and
different crystal structures of isostoichiometriadry
phases.

The only ternary compound in the system
Hf-Ga-Si at 600°C is formed in the quasibinary
system HfGa—HfSi. The ternary phase is dominating
in the formation of two-phase equilibria in the teys:
it is in equilibrium with six (out of seven) binary
compounds of the Hf—Ga system and with four (out of
six) binary compounds of the Hf-Si system. The
crystal structure of HfGasSig 67 (Structure type TII) is
closely related to the structure of the binary cooml
HfSi (structure type FeB), since both structureet/p
are the members of the same homologous sgitds
In the structure of HfG&sSiye; trigonal prisms
formed by Hf atoms and centered by the atoms of a
statistical mixture op-block elements are joineda
triangular faces and two of the three square faces,
forming walls perpendicular to they-axis.
Neighboring walls are separated by empty tetragonal
pyramids and tetrahedra formed by Hf atoms. The
atoms of thep-block elements form infinite zigzag
chains along thez-axis. An isostructural ternary
compound, ZrGgeso.98i0.34-006 Was found in the
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system Zr—Ga-Si at 800°@!]. In contrast to the
ternary phase in the system Hf-Ga-Si, the ternary
compound in the system Zr—Ga—Si is characterized by
a pronounced homogeneity range &t26) and is
considered to be a Si-stabilized high-temperature
modification of the binary compound ZrGa.

In contrast to the ternary system Hf—Ga-{$h],
no tendency towards ordering of the atomg-tiock
elements is observed in the structures of the tgrna
phases of the system Hf—-Ga-Si. The larger diffexenc
between the atomic radii of Ga and Sn, with respect
the difference between the sizes of Ga and Si atoms
may be responsible for this behavior.

Conclusions

The ternary system Hf-Ga-Si at 600°C is
characterized by the existence of two continuolig so
solutions in the Hf-rich corner, Eba,Six (X = 0-3,
structure type MgBi;) and H{Ga.,Siy (x=0-1,
structure type CuAJ, and one ternary compound,
HfGay 3351067 (Structure type TII), in the quasibinary
system HfGa—HfSi. No tendency towards ordering of
the Ga and Si atoms is observed in the structures o
the ternary phases.
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