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Phase Transformations in Binary Alloys
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High-pressure studies of binary alloy systems display some specific fea-
tures connected with composition referring as a variable parameter. In a
two-component system under pressure there are observed transformations,
which do not occur in a one-component system. In particular, there is a for-
mation of a single phase from a mixture of two phases or a decomposition
of a uniform phase into two phases of different compositions. Alloys of In
and Sn with neighbouring elements give us examples of these kinds of trans-
formations. Studies on binary alloys with application of pressure provide
experimental evidences that the alloy composition or electron concentra-
tion is one of the main factor for structural phase stability following from
Hume—Rothery rule.

PACS numbers: 61.50.Ks, 62.50.4+p, 61.66.Dk

1. Introduction

High-pressure studies are mainly focused on elements or on compounds al-
ready existing at ambient pressure, e.g. on one-component or quasi-one-component
systems. Investigations on binary and multi-component systems under pressure are
largely confined to given alloy composition. For a two-component system along
with two thermodynamic parameters, pressure and temperature, one has to con-
sider an additional variable parameter — composition. This offers for a binary sys-
tem an additional degree of freedom in phase equilibria and allows the occurrence
of phase transformations under pressure, which do not occur in a one-component
system.

A binary compound of a stoichiometric composition in high-pressure studies
is usually approached to a quasi-one-component system, however this consideration
could be applied with certain restrictions. It is often observed that when according
to thermodynamic equilibrium conditions a binary compound should decompose,
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the transformation does not occur because of kinetic hindrance of diffusion process.
The observed state of the sample is therefore metastable. With an increase in
pressure the melting temperature usually increases together with the diffusion
barrier that hinders the attainment of the equilibrium state. This behaviour should
be taken into account when one considers phase transformations of stoichiometric
compounds under pressure.

At first glance one should expect that application of pressure to binary alloy
systems would produce a more complicated picture in phase equilibria comparing
to that at the ambient pressure because of:

— polymorphic transitions of constituents;

— phase transitions of ambient-pressure intermediate phases and compounds;

— decomposition of ambient-pressure compounds;

— formation of new intermediate high-pressure phases and their transfor-
mation on further pressure increase.

Systematic studies on binary alloys under pressure were initiated by Po-
nyatovskii with the “pressure quenching” method (Ref. [1]) and continued in situ
under pressure (Refs. [2-8]). These studies show that the common picture of Tz
phase equilibria for binary alloy systems can be simplified by introducing an addi-
tional variable — pressure. Three-dimensional T—P—z phase diagrams for homol-
ogous binary systems turned out to be similar to each other, but shifted along the
pressure axis. Missing at ambient pressure intermediate phases can appear in a
binary alloy system under high pressure.

Under pressure the group IV and V elements of semiconducting/semimetallic
type transform to a metallic state. In the binary alloy systems of these elements
with the neighbouring metals the phase equilibria evolve under pressure from
semiconductor/semimetal-metal type to metal-metal type. The main specific fea-
tures of these changes are as following:

— extension of solid solutions based on constituents or ambient-pressure
intermediate phases of a metallic type;

— decomposition of stoichiometric compounds or intermediate narrow-range
phases;

— formation of new intermediate high-pressure phases with metallic type of
bonding;

— occurrence of phase sequences along valence electron concentration dis-
playing a decrease in packing density and coordination number;

— determination of the alloy phase stability predominantly by a factor of the
valence electron concentration in spirit of the known Hume-Rothery or electron
phases.

Studies on binary alloys of sp metals with the relatively simple electron con-
figuration are of special interest. A binary alloy of the elements neighbouring in
the periodic table with minimal differences in atomic sizes and electronegativity
can be considered as a “modelling element” with the valency as a variable param-
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eter. This system 1s very suitable for theoretical analysis on the structure stability.
The high-pressure phases obtained in In and Sn based alloys give experimental
evidences for Brillouin-zone—Fermi-sphere (BZ-FS) fitting as a crucial factor of
the phase stability for these nearly-free-electron metals. With this respect high
pressure is used as a tool to analyse phase stability in modelling metals with a
“variable valency”. These studies are important in relation to electron transfers
under pressure observed in several groups of elements such as alkali and alkali-earth
elements, lanthanides and actinides.

In this paper some features of phase stability in binary alloys of sp metals
will be outlined on the base of recent high-pressure studies performed in diamond
anvil cells with the use of synchrotron radiation (Refs. [2-8]).

2. Formation of new intermediate phases in binary alloys
under pressure

Phase equilibria in a system of ' components existing in P phases are de-
termined by the Gibbs phase rule: at given pressure and temperature as variables,
the number of degrees of freedom, F'is F = C'— P+ 2. A two-component system
therefore has one degree of freedom more than a one-component system. When the
pressure is varied at a fixed temperature, in the system with C' = 2 three phases
can coexist in equilibrium. This allows transformations from a two-phase mix-
ture into a single-phase state and inversely — a decomposition of a stoichiometric
compound or an intermediate phase into two phases of different compositions.

2.1. The Sn-based binary alloys with In and Hg

A simple hezagonal (sh) phase exists at ambient conditions only in Sn-based
alloys with In and Hg in quite narrow composition regions corresponding to the
electron concentration of = 3.8 el./atom [9, 10]. Phase diagrams of In-Sn and
In-Hg at normal pressure are given in Fig. 1 together with plots of the phase
sequences observed under pressure [4-T].

The interest to high-pressure studies of these alloys first arises from the
occurrence of sh phase in pure group IV elements Si and Ge under pressure, whilst
it 18 not found in pure Sn. The light group IV elements Si and Ge show some
common features in their high-pressure transformations with the general trend:
diamond (¢F'8) — white tin (¢t/4) — simple hexagonal (hP1) — close packed
structures (hP2, cF'4) [11-15].

Besides these high-symmetry structures, also some intermediate low-sym-
metry structures have been observed. The white tin phase transforms to sh through
an orthorhombic I'mma structure, o4 [16, 17]. The transformation from sh to hcp
occurs in Si through a low-symmetry intermediate phase, Si-VI [12], determined
as 0o(C'16, space group Cmeca [18], recently found also in Ge [19].
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Fig. 1. Phase sequences along the composition in the Hg—Sn, In—-Sn and Ga—Sn alloy
systems. Ambient pressure phase boundaries are based on the data of [9, 10]. The stars
and triangles on the phase diagrams indicate the compositions of the alloys studied in
our work. The plots below the diagrams show schematically regions of phase stability

under pressure and the phase sequences along the composition.

The heavier group IV element Sn displays a different structural sequence
under pressure [20] with diamond (¢F'8) — white tin (¢/4) — body-centered tetra-
gonal (¢12) — body-centered cubic (¢2), omitting hP1 and the related distorted
structures.

Our recent studies on the sh phase in Sn-In alloys show that starting with
a single-phase alloy at ambient pressure we obtain a two-phase mixture on the
pressure increase [5, 7]. Thus the sh phase in the InyeSngp alloy transforms to
hcp and bet phases above 10 GPa and relative amounts of these phases in the
alloy changes with pressure, so that only the hep phase exists above 25 GPa. The
studies on other compositions of In-Sn alloys neighbouring the sh phase (Sn with
10 and 30 at.% In) allow for observation of single-phase fields with bet and hep,
as shown in Fig. 2.

Hg—Sn alloys with the sh phase show similar behaviour to In—-Sn alloys,
though in this system the hcp phase occurred at much higher pressures around
55 GPa (Ref. [4, 7]). The hep phase in In-Sn and Hg-Sn alloysis a new intermediate
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Fig. 2. A P—g diagram of phase regions for the In-Sn alloy system. Different symbols
on the phase diagram denote experimental points for the alloys studied, corresponding to
different phases observed. Two (or three) symbols at one point indicate a phase-mixture,
where the corresponding composition of the phases is shown by horizontal arrows. Phase
compositions are determined from atomic volume consideration. For experimental details

see Ref. [7].

high-pressure phase in Sn-alloys found experimentally. The sh-to-hep transforma-
tion was recently reported for the alloy In25Sn7s by the group of Meenakshi and
co-workers [22]. These studies point out to the region of stability for the hep phase
near 3.75 el./atom. The sh-to-hcp transformation was also observed in AlgyGerg
alloy under pressure, when both sh and hep phases are intermediate high-pressure
phases [2].

The bct phase in Sn alloys is related to the high-pressure bet phase in tin
(Sn II) [20] and should be regarded as a solid solution based on Sn II. The stability
region of the bet solid solution extends to & 15 at.% In and to ~ 10 at.% Hg, and
these regions tend to narrow with the pressure increase. An interesting feature of
these bet phases is a correlation between a degree of tetragonal distortion (¢/a
ratio) and the alloy composition. The axial ratio decreases with a decrease in
alloy electron concentration. The possible explanation of this correlation should
be accounted for by Brillouin-zone—Fermi-sphere fittings discussed in papers [3, 4].
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2.2. The sh phase in the Ga-Sn alloys

The Ga-Sn system has a phase diagram of simple eutectic type at zero
pressure [9, 10] (Fig. 1). However, in the homologous In—Sn system an intermediate
sh phase occurs on the Sn-rich side (around 20 at.% In) already at zero pressure
[9, 10]. Formation of a similar phase was expected in Ga—Sn alloy system under
pressure. From the previous studies on binary alloys a “homology rule” was found
for T—P—z diagrams, which says that the effect of pressure is often similar to a
replacement of one of the constituents by a heavier element from the same group
in the periodic table [1].
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Fig. 3. Energy dispersive diffraction spectra for the GazoSnge alloy collected with
26 = 9.63° (Ed = 7383 keV pm). The pattern at 23.1 GPa corresponds to a two-phase
mixture: bet Sn IT with @ = 355.1(2) pm, ¢ = 330.0(3) pm, ¢/a = 0.929 (peaks hkl) and
bct-Ga with a = 265.7(4) pm, ¢ = 407.6(6) pm (peaks hkl Ga). After pressure decrease
to 11.4 GPa and heating at 150°C for 1.5 h the pattern at 23.8 GPa corresponds to sh
with ¢ = 291.5(2) pm, ¢ = 270.7(2) pm, ¢/a = 0.929 (peaks hkl) and minor addition
of bet-Ga with ¢ = 266.4(12) pm, ¢ = 410.2(6) pm. The calculated peak positions are
shown as tick marks below each pattern. “G” denotes diffraction peaks from the gasket

material. For experimental details see Ref. [7].
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We have performed high-pressure studies on GasgSngg alloy, initially contain-
ing §-Sn and Ga. The pressure increase without heating results in transformations
in both components: at pressures around 23 GPa two phases were observed, bet-Ga
(In type) and bct-Sn, in agreement with the data for pure components [23, 20] as
shown in Fig. 3. We have examined this alloy after heating at 150°C for about
1.5 h under pressure 11.4 GPa. A diffraction pattern taken at room temperature
at 11.4 GPa after this heating revealed a new phase with an sh structure together
with a small amount of bet-Ga diffraction peaks. The lattice parameters for the
sh phase are a = 299.5(2) pm, ¢ = 277.9(3) pm, and ¢/a = 0.928 at 11.4 GPa.
The composition of the sh phase is close to 15-18 at.% Ga. The sh phase is stable
in the alloy with pressure increasing up to = 30 GPa reached in this study and
decomposes on decreasing pressure.

This result confirms the homology rule for binary alloy systems under pres-
sure. The electron concentration of the sh phase in Ga—Sn corresponds to a partic-
ular stability region around 3.8 el./atom of the sh phases in In-Sn and Hg—Sn. The
structural data for sh in Ga—Sn gives the value of the axial ratio which perfectly
agrees with the ¢/a = 0.93, known for the most sh phases.

2.8. The In-based binary alloys with Cd, Sn and Pb

The group I1T element In crystallizes in a body-centered tetragonal (bet) struc-
ture, t12, space group I4/mmm, which is a small distortion of the face-centered cu-
bic, fce, structure. Therefore, it 1s more convenient to describe it as a face-centered
tetragonal, fct, structure with an axial ratio ¢/a = 1.075 [24]. Indium remains in
this structure under pressure at least up to 50 GPa [23], with slight variation in
¢/a, the fce phase has not been observed for In.

However a change from fct to fce occurs by alloying of In with group II
metals Cd or Hg [24]. The addition of these elements of lower valency decreases
¢/a of the fct structure resulting in the fee structure at & 6 at.% of Cd or Hg. An
addition of metals with higher valency, as Sn or Pb, results in an increase in ¢/a
up to 1.10. However at concentrations higher than = 12 at.% Sn or Pb ¢/a jumps
from ¢fa > 1 to ¢/a < 1 [24]. The existence of phase regions fct ¢/a > 1 and fct
efa < 1 is shown in the phase diagram of In—Sn in Fig. 1. The variation of the
axial ratio on the alloy composition for tetragonal phases in In alloys is given in
Fig. 4.

Our recent high-pressure studies [6] on Cdyolngy alloy show a fce-to-fet tran-
sition at pressure &~ 1.5 GPa. The axial ratio jumps discontinuously from 1 to 1.04
and then it increases with pressure up to 1.074 at 30 GPa displaying behaviour
similar to pure In (see Fig. 4).

Our further studies [6] were performed on the fec phase in In-Pb alloys
existing under ambient conditions at the Pb content higher than 30 at.% [24]. The
alloys with 40 and 60 at.% Pb both show a transition from fcc to fct, whereas
¢/a jumps from 1 to ¢/a < 1 as shown in Fig. 4. With the pressure increase the
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Fig. 4. Axial ratio vs. electron concentrations for fct phases in In-alloys at ambient
pressure (open symbols), based on results of Ref. [24], and at high pressure (crossed
symbols) from our studies. The full circle and the cross correspond to the data on In at
normal and at pressure 23 GPa taken from Ref. [21]. The arrows show the change of ¢/a
under pressure from the value just at the fcc—fct transition to the value at the highest
pressure reached (2 30 GPa). The full curves represent the calculated distortion (c¢/a
vs. n) when the Brillouin zone corners of type W and W' touch the free electron Fermi
sphere determined by n. The Brillouin zone of the fcc structure is shown in the upper

right corner. For experimental details see Ref. [6].

tetragonal distortion increases, at the same pressure ¢/a is lower for the higher
Pb content. This result was quite puzzling until the common plot was drawn for
tetragonal phases in In-based alloys, Fig. 4.

The studies on InggSnsg alloy [6] with the initial phase fct ¢/a < 1 also show
an increase 1n tetragonal distortion with the increase in pressure. The observed
changes in ¢/a for this alloy were less pressure dependent, however these correlate
to the common trend in the variation of ¢/a along the electron concentration,
Fig. 4. The dependence of the axial ratio on the mean number of valence electrons,
n, indicates an electronic origin of the tetragonal distortion as will be considered
below.

2.4. The In-Bu alloy system

In the In—Bi alloy system [9,10] there are at ambient pressure three inter-
mediate compounds InyBi, InsBis, and InBi, Fig. 5. All three compounds exist
at certain stoichiometric compositions and have crystal structures of site-ordered

type.
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Fig. 5. Comparison of the phase sequences along the composition in the In-Bi alloy
systems at the ambient pressure (upper plot), based on data from [9], and at high
pressure (lower plot), based on the results from Refs. [8, 25].

The InBi compound was studied by energy-dispersive diffraction with syn-
chrotron radiation in a diamond-anvil cell under pressure up to 75 GPa [3]. Initial
tetragonal structure is t P4, space group P4/nmm, with ¢/a = 0.95. First trans-
formation occurs with a strong compression along ¢ to a similar structure with
efa = 0.65 and then to a tetragonal body-centered structure, bet, which is of a
random (disordered) type. The bet phase shows an increase in ¢/a from 0.91 to
0.96 in the pressure range from 20 to & 70 GPa. Some evidences was obtained for
a transition to a cubic body-centered structure, bee. The behaviour of the ITI-V
compound InBi is similar to that of the isoelectronic group IV element Sn. The
important peculiarity of this similarity is the same upper value of the axial ratio
of the bct structure attained in both cases.

The InsBis compound crystallises in a tetragonal structure with lattice pa-
rameters @ = 854.4 pm and ¢ = 1268 pm, with 32 atoms in the unit cell, space
group I4/mem [24]. Recent studies under pressure [8] shown that this structure
remained stable at least up to 25 GPa. However, after annealing of the InsBig sam-
ple under pressure 15 GPa at 150°C for 4 hours the diffraction pattern changes
pointing out a phase transition (see Fig. 6).

No solution for this pattern was found by assuming this state to be a
single-phase state and therefore an attempt to account for by a two-phase mixture
was made. A tentative solution was found as a two-phase mixture where both
phases are body-centered tetragonal, space group I4/mmm, differing by the ax-
ial ratio. We assign one phase with the axial ratio ¢/a = 0.92 as bet ¢/a < 1,
and the other phase with ¢/a = 1.13 as bet ¢/a > 1. The atomic volumes of
both these phases have slightly different values which allow an estimation (on the
ground of Vegard’s law) the difference in the phase compositions as about 10 at.%.
This observation implies that the InsBis compound decomposes into two phases
of different composition: one is above and one 1s below of the initial InsBiz com-
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Fig. 6. Angle dispersive diffraction spectra (integrated profiles) from the In;Bis com-
pound (upper) at 17.8 GPa without heating; (lower) at 15 GPa after annealing at 150°C,
4 h, corresponding to a decomposition on a two-phase mixture with bct ¢/a < 1 and

bct ¢fa > 1. “G” denotes peaks from the gasket material. For experimental details see

Ref. [8].

position. This transformation is reversible, and the InsBis compound is recovered
on decompression.

In the Bi-rich region of the In-Bi alloy system several intermediate phases
were obtained by “pressure quenching” [1], as a simple hexagonal (sh) phase and
an orthorhombically distorted sh phase. A complex phase was found near the
composition InggBizg with the crystal structure determined recently as Cmca-oC'16
[25], related to high-pressure forms of Si and Ge [18, 19]. The region of C'mca-0C'16
phase should be extended at certain P, T-conditions up to pure Bi, because Bi IV
phase is assumed to be similar to C'mea-0C'16 structure [26, 25].

Under high pressure a sequence of metallic randomly occupied phases can
be outlined with quite extended regions of stability as shown schematically in the
lower plot of Fig. 5. The structure of the phases in this sequence is determined
by the factor of the number of valence electrons as for so-called Hume-Rothery
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phases. The In-rich region of the In-Bi alloy system displays the following struc-
tural sequence under high pressure:

fet efa > 1 —fet ¢fa <1 (=bet ¢fa> 1) — bet ¢/a < 1.

This sequence is consistent with that for In-Sn alloy system under ambient and
high pressure shown in Fig. 1.

There 1s much similarity in the high-pressure phases of binary and high-
-pressure forms of group IV elements. This implies these phases to be common
representatives of polyvalent sp metals and alloys, rather than particular charac-
teristics of certain elements or groups.

3. The Bain path fcc—bce and Brillouin zone concept

Tetragonal distortions from fce to bee structures represent a so-called Bain
path. Both structures can be described with the common cell, whether body-
-centered tetragonal, bet, with ¢/a equal to /2 and 1, or face-centered tetragonal,
fet, with ¢/a equal to 1 and 1/+/2 for fcc and bee, respectively. To understand the
stability of the tetragonal phase against the cubic one, one should consider two
contributions to the crystal energy: (1) the electrostatic Ewald term and (2) the
electronic band-energy contribution due to Fermi-sphere—Brillouin-zone interac-
tion. The electrostatic energy calculated for a common tetragonal structure along
the deformation from fcc to bee has two minima corresponding to ¢/a = 1 (fce) and
¢/a =1/y/2 (bcc) [27]. This indicates that Ewald term favours the high symmetry
cubic structures and the tetragonal distortion i1s caused by other terms.

Attempting to understand the stability of the tetragonal phases in In-alloys,
Svechkarev [28] has supposed a lowering in the crystal energy, when BZ corners
touch the FS. The plot of ¢/a vs. electron concentration, n, calculated for BZ
touching FS by corners of type W and W, is presented in Fig. 4 (solid curves).
A contact of all W-type corners with FS results in fcc phase, as it appears at
n = 2.94, i.e. by alloying of In with ~ 6 at.% Cd or Hg.

For the In alloys with the electron concentration n < 3.12, the axial ratio
follows the upper branch of ¢/a vs. n, as shown in Fig. 4. For the In alloys with the
electron concentration n > 3.15, the tetragonal distortion follows the lower branch
with ¢/a < 1. This phase exists at ambient pressure in the range from =~ 15 to
~ 30 at.% Sn or Pb. Our observation of the fcc-to-fct transition on In alloys with
40 and 60 at.% Pb indicates that pressure causes an extension of the fct region
towards Pb. The values of ¢/a in this extended region follow the Svechkarev plot
efa vs. n, providing a new evidence for this model of BZ-FS fitting.

According to this model, one can consider the stability of either fcc or fct as
determined by a balance between electrostatic and electronic band energy terms.
The latter contribution to the crystal energy appears to become more significant
under pressure, stabilising the tetragonal distortion. Following a linear extrapola-
tion of the experimental data toward bcce, the latter is expected to be stable at
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n & 4 el./atom, as the plot ¢/a vs. n crosses ¢/a = 1/y/2 at n = 4.2. The bee
structure is realised under pressure in the heavy group IV elements Sn and Pb
[20, 29]. However, a tetragonal distortion occurs in Sn under pressure before the
transition to bee, with the axial ratio reaching ¢/a = 0.96 (0.68 in the fct setting)
[20]. Similar tetragonal distortion of bee has been observed under pressure in the
isoelectronic compound InBi, with the same axial ratio [3]. The dashed line in
Fig. 7 extending from this point at n = 4 towards lower electron concentration
represents tetragonal distortions for bet in the Sn-rich alloys with In and Hg under
pressure [4, 5, 7].

Thus the common plot of the Bain path from fcc to bee as a function of ¢/a
vs. n represents a linear behaviour of ¢/a in the middle part with strong deviations
from linearity by approaching both fcc and bee.

Recent observation of decomposition under pressure of the InsBiz compound
(n = 3.75) and formation of two bct phases with different ¢/a [8] corresponds to
the proposed model. Axial ratios of both bct phases fall onto the plot just in
the region of the ¢/a jump from ¢/a > 1 to ¢/a < 1 for bet phases; Fig. 7.
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Fig. 7.

related alloys as a function of electron concentration. Dotted horizontal lines correspond

A representative plot for axial ratios of the tetragonal phases for In—Sn and

to ¢/a values for fcc and bcc structures. The solid lines represent average values of axial
ratios for In alloys with Cd, Hg, Sn, Pb, and Bi at ambient pressure, whether stable [24]
or metastable [30]. The dashed lines represent axial ratios observed at high pressure for
the alloys In-Sn, In—-Pb [6] (middle branch), and Sn—Hg, Sn—In, In-Bi (lower branch)
[3-5, 7, 8]. The dot-dashed vertical line indicates the composition of the initial InsBis
compound, and horizontal arrows indicate its decomposition into two tetragonal phases
with different ¢/a ratios and different compositions, denoted by open triangles. The solid

triangle denotes the high pressure bct phase in InBi [3].
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4. Conclusion

High pressure studies on binary alloys show specific transformations like a
formation of new intermediate phase from a two-phase mixture and inversely — a
decomposition of a homogeneous phase into two phases of different composition.
These transformations are allowed for a two-component system, due to an addi-
tional variable — composition, which provides for the phase equilibria one degree
of freedom more than for a one-component system in accordance with the Gibbs
phase rule. For instance, the sh phase in the InsgSngy alloy decomposes to hep and
bct phases above 10 GPa and, inversely, the sh phase is formed under pressure
from the mixture of Sn and Ga in the GaggSngg alloy. The IngBiz compound was
found to decompose under pressure into two bct phases with different ¢/a and
different compositions.

A binary alloy system having at ambient pressure a phase diagram with sto-
ichiometric compounds or narrow-range phases evolves under pressure to a phase
diagram with a sequence of metallic phases which are mostly of random or substi-
tutional type with quite extended regions of stability. The composition ranges of
high-pressure phases do not relate directly to those of low-pressure compounds or
phases.

The structure and stability regions of the high-pressure phases in the binary
sp metal alloys are determined mainly by a factor of the electron concentration as
for the electronic Hume—Rothery phases.
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