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The isothermal section at 600°C of the phase diagraof the ternary system Hf—-Ga—Sb was constructed ithe
whole concentration range, using X-ray powder diffaction. Limited solid solutions based on the binary
compounds HfGa (17at.% Sb), HfsGas (11at.% Sb), and HfsSh; (3at.% Ga) were observed. Four ternary
compounds form at 600°C: Hf$GaSh; (structure type Zr,CuShs, Pearson symboltP6, space groupP-4m2,
a=3.89841(8)c = 8.62650(19)), HfGa, :Shy ¢ (FeSi,cP8, P2,3, a = 5.5752(3)A), HfsGaSh; (HfsCuSns, hP18,
P6s/mecm, a = 8.4747(5)¢ = 5.7190(5)4), and HfsGay g4.075b1 16.2.25 (NDsSiSM, 1132, 14/mem, a = 10.84972(15),
¢ = 5.50154(8A for composition HfsGay 51(25b1492). The ternary phases, except HfGaShys are
characterized by full or partial ordering of the Ga and Sh atoms.

Hafnium / Gallium / Antimony / X-ray powder diffrac tion / Phase diagram / Crystal structure / Solid slition

Introduction

The ternary systems {Ti,Zr,Hf}-Ga—Sb have not yet
been systematically investigated. In the systenth wi
Ti and Zr, the existence of Mfi-type (Pearson
symbol hP16, space grou6s/mcnj solid solutions
and of the WSiz/NbsSiSn-type (Pearson symbdi32,
space groupld/mcn) ternary compounds F&aSh
and ZeGaygShy, has been reportdd-3].

Short time ago the isothermal section at 600°C of
the phase diagram of the ternary system Hf—Ga-Sn
was constructed in the whole concentration range, a
the crystal structures of the ternary phases formed
it, were reported4-6]. Solid solutions with up to
17 at.% Sn based on the binary gallides HfGa
(structure type Thin, Pearson symboiP24, space
groupPbcm) and HEGa; (structure type MgBis) were
observed. The structure of the limiting compositidn
the solid solution HfGaSn, (x=0.33) s
characterized by an ordered distribution of Ga &nd
atoms, representing an own structure typeGfSn
(Pearson symbabdP24, space groupbcmn), which is
the first ternary ordering derivative of the stuuret
type Thin. Based on the binary stannidesSitg
(structure type MgBig), an interstitial solid solution
containing up to 11.1 at.% Ga is formed. The stmect
of the limiting composition of the solid solution
HfsGaSns (x = 1) is also characterized by an ordered
distribution of Ga and Sn atoms, and belongs to the
structure type HCuSn (Pearson symbdiP18, space
groupP6s/mcn), which is a ternary ordered derivative
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of the structure type d&a (filled up MnSi; type).

A ternary compound, HG& 4055 76043 With a
homogeneity range of 9 at.% Ga (Sn), was found in
the Hf-Ga-Sn system at 600°C. Its crystal structure
belongs to the structure type §#iSn, which is an
ordered ternary variant of the:8i; type.

Several compounds have been identified in the
binary systems that delimit the ternary system
Hf-Ga-Sb[7]. The phase diagrams of the systems
Hf-Ga and Ga—Sb have been constructed in the whole
concentration rangd®]. In the system Hf-Sb the
existence of five binary phases has been repofieel.
equiatomic hafnium antimonide, HfSb, exists in two
polymorphic forms. The presumed high-temperature
modification of HfSh was later shown to be
off-stoichiometric and crystallize with a new stiwre
type[9].

In this work we present the results of an
experimental investigation of the phase equililanial
crystal structures of the phases observed in tinaurtg
system Hf-Ga-Sb at 600°C. We have recently
reported the crystal structures of the ternary ebas
Hf.GaSh [10] and HEGa s:Shse [11] and
preliminary results of the determination of thestay
structure of H{GaSh [12].

Experimental

11 two-component and 96 three-component alloys
were  synthesized from  high-purity  metals
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(Hf = 99.9 wt.%, Ga& 99.99 wt.%, Stz 99.97 wt.%)

by arc melting, using a tungsten electrode andtarwa
cooled copper hearth under a Ti-gettered argon
atmosphere. To achieve homogeneity, the samples
were melted twice. After the synthesis the alloyseav
wrapped into tantalum foil, sealed in quartz ampsul
under vacuum, and annealed at 600°C for 720 h.
Finally the ampoules were quenched into cold water.
The weight losses, which were controlled at all
stages of the synthesis, did not exceed 1 wt.%ef t
total mass, which was approximately 1 g 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<110-120°, step
0.05°) and STOE Stadi P (®uwy-radiation, angular
range 6-10< 26 <110°, step 0.015°). The profile and
structural parameters were refined by the Rietveld
method, using the program package FullProf
Suite[13].

Results and discussion
Binary systems

The existence of 12 binary compounds at 600°Cén th
boundary systems Hf-Ga, Hf-Sb and Ga-Sb was
confirmed. Crystallographic data for the binary
compounds in the system Hf—-Ga can be foungtjn
data for the compounds in the systems Hf-Sb and
Ga-Sh, including literature data and unit-cell
parameters refined in this work, are summarized in
Table 1

Isothermal section at 600°C of the phase diagram of
the system Hf-Ga-Sb

The isothermal section at 600°C of the phase diagra
of the ternary system Hf—Ga—Sb was constructed in

the whole concentration ranggid. 1). It consists of

19 single-phase, 39 two-phase and 21 three-phase
fields. The ternary phase j&aSh forms the highest
number of equilibria (8). The binary compounds HfGa
and HEGg dissolve 17 and 11 at.% Sb, respectively;
the compound HBEb; dissolves 3 at.% Ga. The other
binary compounds do not dissolve noticeable amounts
of the third component. Four ternary compounds were
found in the system at 600°C.

Solid solutions HfGag sShy.0 34 and HEGas5 1550 88

The substitutional solid solution HfGg&h,
(x = 0-0.34,a = 9.1609(10)-9.282(2} = 8.5097(8)-
8.639(3),c = 5.6384(6)-5.6255(15) A) was studied by
X-ray powder diffraction. It was found that
substitution of Sb for Ga in the binary gallide HfG
takes place up to the compositions&&Sb, similarly
to what was observed for the ternary system
Hf-Ga-Sn[4]. The crystal structure of the limiting
composition belongs to the structure type;G&#Sn
(Pearson symbol oP24, space group Pbcn).
Replacement of Ga atoms by larger Sb atoms leads to
an increase of the unit-cell parametarandb and a
decrease of the parameter

The solid solution HGa,Sh (X 0-0.88,
a = 7.9601(10)-8.0986(8}, = 5.6779(8)-5.6436(5) A)
was also studied by X-ray powder diffraction.
Substitution of Sb atoms for Ga atoms in the
hexagonal MgSis-type structure produces an increase
of the parametea and the unit-cell volume, to a
decrease of the parametefFig. 2.

Ternary compounds

The structure of the ternary compoudt,GaSh; was
determined by X-ray powder diffractiofl0]. It
crystallizes with the structure type ,2uSh, which
represents a ternary ordered derivative of the JUAs
type (Pearson symbotP6, space groupP-4m2,
a=3.89841(8)¢ = 8.62650(19) A).

Table 1 Crystallographic data for the binary compoundthefsystems Hf—Sb and Ga-Sb.

Structure Pearson Unit-cell parameters, A
Compound Space group Reference
type symbol a b C
. _ 111899 | = 5.6364 [14]
HIsSb NP us2 -4 111723 - 5.6255(6) | this work
. 7.4075 8.718 1.0736 [15]
Hf:Shs YBis oP32 PIma |7 3865(9) | 8.6843(10)| 10.7192(12) this work
3.779 10.338 13.842 [16]
rt-HiSh Zrsb 024 Cmem | 37738(9) | 10.334(3) | 13.893(4) | this work
ht-HfSh FeSi cP8 P23 | 559 - - [17]
. 14.96 9.86 3.85 [18]
rt-HiSh, TiAS, oP24 PANM 114 9629(2) | 9.8503(12)| 3.8403(4)| this work
ht-HfSb, | UAs, tP6 Pahmm | 3.92 - 8.68 [17]
Hf.Sh, HfsShy P28 Paln  |8.7483 _ 8.6646 [9]
] 6.0963 = _ [19]
Gasb Zns cFs F43m |6 003504) | - _ this work
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Ga

1. Hf,GaSb;

2. HfGag 1Sbg.o

3. Hf;GaSb,

4. HfsGay g4.0.725b1.16-2.28

600°C

Sb HfSb,

HfSb HfsSby Hf;Sb

Fig. 1 Isothermal section of the phase diagram of theeqystif—Ga—Sb at 600°C.

5 10
Sb, at.%

15

Fig. 2 Unit-cell parameters as a function of the
Sb content in the solid solution 4&a;.,Sh,
(x=0-0.88).

The crystal structure of the ternary compound
HfGag ;Shy o was studied on X-ray powder diffraction
data (diffractometer DRON-2.0M). It crystallizesthwi
the structure type FeSi (Pearson symbe8, space
groupP2,3, a = 5.5752(3) A) and is probably part of
the solid solution of the high-temperature modiiiza
of binary compound HfSb, stabilized by Ga at 600°C.
The unit-cell parameters of the ternary phase are
smaller than those reported for the corresponding
binary compound[17], thereby confirming partial
substitution of Ga atoms for Sh atoms. Experimental
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details and crystallographic data for HfGak, 9 are
listed in Table 2 atomic coordinates and isotropic
displacement parameters irable 3 and interatomic
distances and coordination numbersTiable 4 The
atoms of thep-block elements occupy one of the two
atom sites, forming a statistical mixture
M = 0.10(3)Ga + 0.90(3)Sh. The content of the unit
cell and the coordination polyhedra of the twossite
the structure of HfGaSh, g are shown irFig. 3 Both
sites have similar coordination polyhedra, namely
trigonal prisms with one additional atom: NAf
andMHf;.

The structure of the ternary compourtsGaSh;
was determined from X-ray powder diffraction data
collected on a diffractometer STOE Stadi P. It
crystallizes with the structure type J@uSn; (Pearson
symbol hP18, space grou@6s/mcm a = 8.4747(5),
c=5.7190(5) A). As stated above, this type represse
a ternary ordered variant of thesGa, structure type,
which is a filled derivative of the MBis-type
structure. In contrast to the ternary system Hf-$&3g—
where a continuous solid solutions88Sn; (x = 0-1)
was observed], the structure type BHEuSn is here
adopted by a distinct ternary compound sGHSH,
whereas the structure of binarys8Bb; belongs to a
different structure type. Experimental details and
crystallographic data for HBaShk are listed in
Table 2 atomic  coordinates and isotropic
displacement parameters ifable 5 interatomic
distances and coordination numbers irable 6
Fig. 4 shows the content of the unit cell and the
coordination polyhedra of the crystallographically
independent atoms in the structure ofGHSh.
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Table 2 Experimental details and crystallographic data foe ternary phases Hf@gsShheoe and
HstaSQ

Compound HfGao_lo(;g)Stb_go(;g) HstaSkg
Formula weightv, 295.037 1327.423
Structure type FeSi HECuSn
Pearson symbol cP8 hP18
Space group P2,3 P6s/mcm
Unit-cell parameters: a A 5.5752(3) 8.4747(5)
c, A - 5.7190(5)
Unit-cell volumeV, A3 173.29(2) 355.71(4)
Formula units per cell 4 2
DensityDy, g cm® 11.313 12.398
Preferred orientation: value / [direction - 0.92p([001]
Scan mode 0126 0126
Range 2, © 29-115 6-110
Step size, ° 0.05 0.015
Scan time per step, s 3 380
Profile parameters U 0.058(8) 0.043(4)
Y -0.041(8) -0.011(3)
w 0.072(9) 0.0359(6)
Shape parameter 0.67(2) 0.393(5)
Asymmetry parameters 0.09(2), 0.05(7) -
Number of refined parameters 13 17
Reliability factors: Rs 0.0583 0.0676
Re 0.0423 0.0534
Ro 0.0543 0.0784
Rup 0.0690 0.0915
P 35 2.3

Table 3 Atomic coordinates and isotropic displacement patans for HfGg;Shy o.

Site Wyckoff position X y z Biso, A°
Hf 4a 0.3911(18) 0.3911(18) 0.3911(18) 0.48(2)
M2 4a 0.0856(18) 0.0856(18) 0.0856(18) 0.95(3)

aM = 0.10(3)Ga + 0.90(3)Sh

Table 4 Interatomic distances and coordination numberhénstructure of HfGaShy.o.

Atoms d A Coordination number
Hf | —3M? 2.873(14)
—-1M? 2.950(14) 7
-2M? 3.115(14)
M?| — 3 Hf 2.873(14)
— 1 Hf 2.950(14) 7
— 3 Hf 3.115(14)

“M = 0.10(3)Ga + 0.90(3)Sb

Fig. 3 Unit-cell content and coordination polyhedra of thwe sites in the structure of Hfg#hy 6.
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Table 5 Atomic coordinates and isotropic displacement patans for H{GaSh.

Site Wyckoff position X y z Biso, A°
HfL 6g 0.2694(4) 0 Vs 0.85(5)
Hf2 4d v %, 0 0.51(7)
Ga 7 0 0 0 0.91(4)
Sb & 0.6143(6) 0 Yy 0.55(8)

Table 6 Interatomic distances and coordination numberhénstructure of HGaSh.

Atoms d A Coordination number
Hfl | -2 Ga 2.694(3)
-2Sb 2.9042(14)
-1Sb 2.923(6) 11
-2Sb 3.025(2)
— 4 Hf2 3.4422(11)
Hf2 | — 2 Hf2 2.8595(3)
-6Sb 2.995(3) 14
— 6 Hfl 3.4422(11)
Sb| -2 Hfl 2.904(4)
—1Hf1 2.923(6)
— 4 Hf2 2.995(3) 13
-2 Hf1 3.025(2)
-2Sb 3.454(4)
-2 Ga 3.568(2)
Ga| —6 Hfl 2.694(3)
-2Ga 2.8595(3) 14
-6 Sb 3.568(2)

GaHf,SbsGa, SbHf,Ga,Sb, Hf2SbgHf,
Fig. 4 Unit-cell content and coordination polyhedra of #tems in the structure of iBaSh.

The ternary compoundHfsGay gs.075b1 16.2.08 However, a tendency towards ordering of phielock
crystallizes with the structure type diSrp, which elements is observed: Wyckoff positionh 8is
represents a ternary ordered derivative of theSiyW preferentially occupied by Sb atoms and Wyckoff
type (Pearson symboll32, space group4/mcm position 4 by Ga atom$11]. The ternary phase has a

a = 10.84972(15)¢ = 5.50154(8) A for composition homogeneity range of 10 at.% Ga/Sb; the unit-cell
HfsGay 51251 49(2). The structure contains mixtures of ~ parameters increase linearla £ 10.8146-10.8921,
Ga and Sb atoms in both available atom sites. c=5.4895-5.5214 A) with increasing Sbh contéi (5.

Chem. Met. Alloy$ (2013) 79
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Fig. 5 Unit-cell parameters as a function of the
Sb content within the homogeneity range of the

ternary compound H6Gay g4.0 7501 16-2.28

Conclusions

At 600°C the ternary system Hf-Ga-Sb is
characterized by the existence of limited solid
solutions based on the binary compounds HfGa
(17 at.% Sb), HG& (11at.% Sb) and HBb;

(3 at.% Ga), and four ternary compounds;GHSh
(structure type 2Z€CuSh), HfGaShhe (FeSi),
HfsGaSh (HfsCuSn), and HEGa ss.075M 16228
(NbsSiSn). Substitution of Sb atoms for Ga atoms
within the homogeneity ranges of HfG8hb

(x = 0-0.34), HiGa;,Sh, (x = 0-0.88) and HfGa.,Sh,

(x = 1.16-2.28) leads to an increase of the unit-cell
volume. The ternary phases, with the exception of
HfGay, ;Shye, Which probably belongs to the solid
solution of ht-HfGa, show a fully or partly ordered
arrangement of Ga and Sb atoms.
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