
ISSN 1062�8738, Bulletin of the Russian Academy of Sciences: Physics, 2009, Vol. 73, No. 10, pp. 1386–1390. © Allerton Press, Inc., 2009.
Original Russian Text © V.N. Gurin, Yu. Grin’, U. Burkkhardt, M.V. Konovalov, 2009, published in Izvestiya Rossiiskoi Akademii Nauk. Seriya Fizicheskaya, 2009, Vol. 73,
No. 10, pp. 1470–1474.

1386

INTRODUCTION

Earlier, information was reported about develop�
ment of a new method of technology and research of
interaction of elements in immiscible binary metal
systems (immiscibility gap method) [1–3]. Unlike the
usual solution�melt method [4], where one dissolvent
L is used (flax method), in the new method, synthesis
and crystallization of the compound occur at the immisci�
bility boundary of two solvents (L1 + L2) [1–3]. In the
short form, the key conditions of the new method con�
sist in the following.

1. ρL1 < ρА < ρL2; ρL2 > ρВ > ρL1, where ρ are the
densities of initial reacting components А and В and
two solvents. This relation of densities means that ini�
tial component А must be dissolved and go down in the
layer L1, but must be lighter than the lower layer L2,
and other initial component В must be dissolved and
come to the surface in the layer L2, but must be heavier
than the upper layer L1 accordingly.

2. The availability of wide temperature (several
hundred degrees) and concentration (in almost the
entire concentration range) immiscibility limits ΔT
and ΔC in the system for synthesis of compounds and
their crystal growth is necessary.

3. The existence of solubility of at least one of the
initial reacting components А (or В) in their layers or
of their reaction products АL1 (ВL2) with the element
of the layer is necessary.

4. ΔFAB < ΔFАL1 (АL2, ВL2, ВL1, L1L2, etc.). ΔF is
the free energy of formation, and it should be the
smallest for the synthesized compound.

Diagrams of processes that take place in immisci�
ble systems are shown in Fig. 1. In this paper, the
authors pay attention to some characteristic properties
and differences of phase diagrams of such systems [5–7].
Production of both pure ingots and ingots with react�
ing components of immiscible systems, preparation

and examination of metallographic sections, and
extraction of synthesis products from a solvent metal
matrix are carried out in the same way as in [2, 3]. Sys�
tems Ga/Pb and Al + Ga/Pb are exceptions. In these
systems, various refrigeration methods of an ingot are
used during grinding and polishing in connection with
the low melting temperature of Ga (29.77°C).

Only three systems (Al/Pb, Al/Cd, and Pb/Zn)
have wide temperature and concentration immiscibil�
ity ranges (Table 1) [6, 7] of five metal systems that are
the most suitable for experiments in standard condi�
tions. Systems Cd/Ga and Ga/Pb are practically use�
less for technology because of small values ΔТ and ΔС
or low separation temperatures.

Generic aspects of the new method concern the
boundary temperature and concentration immiscibil�
ity conditions of melts of elements, the presence of an
immiscibility region bounded by a binodal, and the
relation of densities of initial reacting components,
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Fig. 1. Diagram of synthesis and crystallization in immis�
cible systems by the new method. The accumulation of ini�
tial reacting components on either side near immiscibility
boundary and location of synthesis products in upper layer
of immiscible systems (according to condition (1), see
text) is displayed.
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utilization of mixed solvents, and existence of an
immiscibility boundary.

The purpose of this paper is a brief exposition of the
essence of the new method, production of ingots and
preparation of polished sections in immiscible sys�
tems, and realization of synthesis and crystallization of
high�melting compounds in them.

TEMPERATURE AND CONCENTRATION 
BOUNDARY CONDITIONS 

AND IMMISCIBILITY FIELD

One can explain the special features of these condi�
tions analyzing the structure of binary phase diagrams
with an immiscibility field [5–8]. In such systems, ini�
tial reagents can be dissolved in both layers and gener�
ate the required connections, interacting on the
immiscibility boundary. Interaction proceeds thanks
to interdiffusion and convection of the initial particles
of the compounds dissolving in both layers.

The diagram of a binary immiscible system is
shown in Fig. 2. As follows from this figure, the immis�
cibility field is restricted to a dome�shaped curve
called a binodal and its basal part contained by a
monotectic and an inflection point or by two inflec�
tion points [5]. The peak temperature of immiscibility
corresponds to a critical point ТС. Limits of tempera�
ture and concentration immiscibility fields ΔТ and ΔС
have the greatest meaning for production of com�
pounds and their crystals in such systems. The greater
the sizes they have, the more possibilities for synthesis
and crystallization of compounds at various tempera�
tures and conditions, and ratios of solvents and quan�
tities of reacting substances dissolved in them. Possible
types of phase diagrams with immiscibility field are
given in [5] (it is necessary to note that, in the majority
of reference media, points of monotectic, inflection,
and eutectic are not given in such phase diagrams
because of the small absolute values and lack of space
in a figure [6–8]). It is possible to distinguish two types
of immiscibility systems from [5]: (1) system with a
monotectic and inflection point and (2) system with
two inflection points. Existence of immiscibility sys�

tems with two monotectics is impossible in connection
with nonfulfillment of phase rules in this case.

After selection of the phase diagram with a suitable
immiscibility field, the most difficult problem is (in
accordance with the conditions of the method, see
condition (1)) matching the required ratio of densities
of all subsystems [3]. This ensures that the chemical
reaction of initial compounds proceeds in conditions
of cross interdiffusion and convection.

EXPERIMENT

Boundary Surface in Immiscible Systems of Metals 

It is necessary to know how the boundary surface
will appear in polished sections when performing syn�
thesis and crystallization of compounds by the new
method to solve the problem of an optimal way of
extracting synthesis products from a metal matrix, and
also for analyzing these products. Systems Al/Pb,
Zn/Pb, and Ga/Pb have been analyzed upon heating,
respectively, to 800, 800, and 590°C, soaking for 40–
60 min at the peak temperature, and cooling at rates of
3–5 K/h. The general view and boundary surfaces in
polished sections of these systems are presented in
Fig. 3 (1–3). The shape of such borders in the solid

Temperature and concentration immiscibility limits in some binary metal systems suitable for technology by the new method

Binary
immiscible
system [7]

TC Tmonotec ΔT Cmonotec Ctransition point |ΔC|

°C at %

Al/Cd 1020 650 370 94.9 1.76 93.14 (Cd)

Al/Pb 1566 659 907 97.91 0.19 97.71 (Pb)

Zn/Pb 798 417.8 380.2 94 0.3 93.7 (Pb)

Note: In [7], data on the phase diagram of the Al/Cd system are incomplete and erroneous, because the binodal critical point TC = 1020°C
and the boiling point for Cd Tboil = 770°C, which is impossible without the presence of high pressure, whose value is not given.
The region gas + fluid (G + F) is not indicated on the diagram either, which causes difficulties regarding the possibility of heating
the immiscible system to 1020°C without aggregative transmutations.
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Fig. 2. Outline of the phase diagram with immiscibility
field: (1) binodal curve, (2) binodal basal part where
monotectic point is marked by circle, and inflection point
is marked by square. The critical point ТС on bimodal is
marked above which there is a complete mixing of liquid
components in appropriate proportions.
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state depends on various reasons: the taken ratio of
components, cooling rate, difference of melting tem�
peratures of upper and lower metal, viscosities of lay�
ers, sizes of contraction cavity, etc. One can see the
significant contraction cavities in the layer of Pb (sys�
tem Al/Pb) and ones smaller in size in systems Pb/Zn
and Ga/Pb (2, 3) from Fig.3 (1, 4). The existence of
mutual inclusions, as a rule, oval in the bulk, on the
boundary surfaces is significant and on surface of
ingots of both layers is significant.

This is due to the reasons mentioned above, includ�
ing the flow of more low�melting metal of the upper
layer between the solidified lower layer and a bowl
(Fig. 3 (2), system Ga/Pb). A distinguished boundary
surface between the two metals above which, accord�
ing to condition (1) of the new method, synthesis and
crystallization products should be located are visible in
all systems (because component В floating up in the
lower layer to the immiscibility boundary must be
heavier than the upper layer according to the condi�
tion, but after interacting on this boundary with com�
ponent А from the upper layer produces compound
АХВУ, which will be lighter than pure component В
and should transfer to the upper layer in connection
with the reduction of density).

A so�called ideal triple system Al + Ga/Pb in which
Al and Ga are mutually soluble in almost the entire
interval of concentrations and both delaminate with
Pb, forming wide ΔT and ΔC, is rather interesting.
Experiments with excess Al (Al : Ga = 80 : 20, at %)
and Ga (Ga : Al = 80 : 20, at %) upon heating (3 h) to
1000°C, soaking for 60 min, and cooling at a rate of
1.9 K/min were performed. Correct boundary surfaces
are formed in both cases, as follows from Fig. 3 (4, 5),
and in the upper layer, granules of solid solutions xAl ⋅
yGa and xGa ⋅ yAl are visible. Good mutual solubility
of Al and Ga allows one to change the density of the
upper layer, increasing it in Al excess and decreasing
in Ga excess. Utilization of mixed solvents in one of
the layers for synthesis of compounds by the new
method is applied by the authors for the first
time [3].

Utilization of Mixed Solvents 

In synthesis of high�melting compounds, in partic�
ular, metals borides (and also carbides and silicides) by
the new method, the main complication consists in
selection of the solvent for a light nonmetal, for exam�
ple, boron (ρ = 2.34 g/m3; hereinafter, ρ is omitted).
Low�melting metals are the most reasonable for syn�
thesis: Al (2.70), Zn (7.14), Cd (8.64) are heavier than
boron. In AlB is slightly soluble (and produces com�
pounds), and in Zn and Cd melts, it is practically
insoluble. Synthesis is attained by means of prolonged
heating and soaking of the system in the usual solu�
tion�melt method. During the prolonged heating and
soaking, boron is dissolved, distributed by volume of
Al solvent through thermal diffusion and convection
flows, and interacts in the bulk with another reaction
component, for example, with a transition metal
which is also distributed by volume of solvent. It is
necessary that boron be dissolved and go down in its
layer and another initial compound, for example, a
rare�earth metal (REM), be dissolved and come to the
surface in its layer to achieve interdiffusion and con�
vection in the new method. Synthesis of compounds in
this case proceeds on the immiscibility boundary, to
which boron and REM move from either side. The sol�
vent for boron can be extracted by mixing a light
metal, for example, Mg (1.74), with a heavier metal,
for example, Al (2.70), in the system Al/Pb, by choos�
ing such a ratio of them which in density will be less
than the density of boron (2.34) and will still maintain
the immiscibility process. The obtained mixed solvent
(Al + Mg) with a density of, for example, 2.2 like Al
forms an immiscible system with Pb because of Al
excess. There are intermetallic semiconductors
between Al and Mg and between Mg and Pb in this sys�
tem. But they are much less stable (their melting tem�
perature Тпл = 550°C) than, for example, synthesized
hexaborides of REM (Тmelt = ~2300–2500°C).

The possibility of boundary surface production in
ingots in the system Al + Mg (Mg : Al = 7 : 10 wt %)/Pb
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Fig. 3. Overall view of polished sections of binary and triple
systems with an immiscibility: (1) Al/Pb system with con�
traction cavities in Al and Pb; (2) Ga/Pb system; arrows
indicate inclusions of one layer in the other both inside and
on ingot perimeter; (3) Zn/Pb system; eutectic is visible in
layer of Pb; (4) “ideal” system Al + Ga/Pb with Al excess
(Al : Ga = 80 : 20, at %); inclusions of one layer in the other
are visible; layer of Al maintains granules of solid solutions
of Al + Ga; (5) the same system as in 4, but with Ga excess
(Ga : Al = 80 : 20, at %); extraction of solid solutions of
Ga + Al are visible in layer of Ga; (6) Al + Mg/Pb system
with compounds between Al and Mg in (Al + Mg) layer
and eutectic in Pb layer in which a larger contraction cavity
is located; (7) the same system as in 6 with isomeric crystals
of solid solution of hexaborides of La and Ce: La1–xCexB6
(where x ≈ 0.05) obtained in it.
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was investigated. The system was heated up to 850°C
(2 h), soaked for 60 min, and chilled at a cooling rate
of 1.5 K/min. Production of solid solutions of
hexaborides of La and Ce experiments in the system Al
(+ Mg, + B)/Pb (+ La, + Ce) was made at higher tem�
peratures: heating (4 h) to 1300°C, soaking for 4 h,
and chilling at a cooling rate of 39 K/h. These systems
in a solidified state without initial components (6) and
with synthesis products, La1 – xCexB6, х ≈ 0.05 (7), are
presented in Fig. 3 (6, 7). One can clearly distinguish
the boundary surface between Al and Pb layers, which
contain a significant amount of taken Mg in picture (6).
The presence of Mg in the upper layer of Al led to for�
mation of unfaceted granules. Judging by the nonuni�
form, spotty surface of the Al layer (according to the
phase diagram [7]), it is most likely that an interphase
eutectic between β (Al3Mg2) and γ (Al12Mg17) is
formed. The formation of compounds Mg2Pb and
eutectics between Mg2Pb and Pb (~83 at % according
to [7]) is possible in the lower layer of Pb.

The polished section (Fig. 3 (7)) was prepared only
from the upper part of the ingot (Al + Mg +
hexaboride) in the experiment with reacting compo�
nents from the obtained ingot because the whole ingot
had large voids (cavities) separating the upper part
from the lower part (containing Pb) and the lower part
was pulled off when cut (Fig. 3 (7), interpolation). On
the polished section, one can clearly see extraction of
crystals of a solid solution of hexaborides of La and Ce,
La1 – xCexB6, x ≈ 0.05 (having a characteristic crimson
color, like pure LaB6), located mainly at the bottom of
the upper part, which corresponds to this method’s
synthesis requirements. Apparently, the existence of
the possibility of formation of Al and Mg borides in the
system does not prevent formation of more high�melt�
ing solid solutions of hexaborides of REM since the
latter are more stable (see above, condition 4).

Synthesis (heating to 1360°C, soaking for 6 h, and
chilling at a cooling rate of 175 K/h) of solid solutions
of hexaborides of La (6.7) and Ce (6.78) and La and
Nd (7.00) was performed earlier [3] in the system Al
(+ Mg, + B)/Pb (+La, + Nd). Meanwhile, the boron
“sank” in compound Al + Mg and went down to the
boundary surface, and La and Nd “rose” to this

boundary surface in the layer of Pb (11.4). From the
upper layer (Al + Mg + hexaboride) with dissolution
in HCl (1 : 2 to 1 : 4), crystals of solid solutions of
hexaborides (La0.75Nd0.25B6 and La0.25Nd0.75B6) were
extracted in the form of isomeric formations, needles,
and plates (Fig. 4), while the lower part was pulled off.
Crystals of high�melting TiB2 with various shapes [3]
were obtained earlier in the system Ca (+ B)/Ce (+ Ti)
by the same method.

CONCLUSIONS

The experiments that were carried out indicate the
possibility of obtaining various compounds and crystal
forms by this method, as well as the existence of vari�
ous processes in immiscible systems whose analysis
presents great interest [1–3]. The new method uses the
ratio of densities of components in immiscible systems
to perform processes of interdiffusion and convection
for realization of chemical reactions on the immisci�
bility boundary and subsequent crystallization of the
generated compounds. The method has a number of
advantages in comparison with usual solution�melt
method.

The interdiffusion and convection promote a fuller
contact of reacting components on the immiscibility
boundary of melts. This leads to a more complete yield
of synthesis. It is possible to save the upper layer metal
if one can carve this region (and further extract synthe�
sis products from it) and use the remaining metal for
synthesis a second time, under well�proven synthesis
conditions of certain compounds which settle in cer�
tain regions of the upper layer over the immiscibility
boundary.

The new method allows one to obtain various
shapes of crystals (isomeric, lamellar, needle), while
the solution�melt method obtains crystals of one
shape (for example, plates of TiB2). It is possible to
produce nanoparticles (or particles of size close to
them) (for example, needles of TiB2 in system Ca/Ce)
under appropriate conditions and initial sizes and
shape of reacting particles in certain systems.

The interdiffusion and convection can facilitate
production of various solid solutions and also can con�
tribute to production of new compounds from initial
reacting components with sharply distinguished den�
sities, since in the usual solution�melt method such
components settle above and below the melt and can�
not react.

It is necessary to emphasize that synthesis and crys�
tallization of compounds in immiscible systems is a
rather new method, which is necessary to research and
develop further.
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