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Abstract—The interaction between a solid inert metal (Ir) and an active liquid metal (Ga) during mechanical
activation in a high-energy planetary mill is studied by X-ray diffraction and scanning electron microscopy
with EDS-apparatus for high-resolution energy dispersive X-ray microanalysis. The influence of mechanical
activation conditions on the formation of Ga,lIr, intermetallic compounds and Ga,lIr,/Ir composites and on
their solubility in various acids is investigated. ﬁeing a surfactant for iridium, gallium propagates along the
grain boundaries of polycrystalline iridium particles during mechanical activaiton and, hence, sharply
decreases their strength. As a result of strong mechanical deformation during activation, the contact surface
area between the solid and liquid metals, where the intermetallic compounds form intensely, increases
sharply. As a result of treatment of the products of mechanical activaiton by a mixture of concentrated hydro-
chloric and nitric acids, iridium (>30%) from passes into an acid solution and forms H,IrCl, complex com-
pounds, which can interact with bases to form soluble complex salts.
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INTRODUCTION

Iridium has unique physicomechanical properties,
such as an extremely high density (22.65 g/cm?) and a
high melting temperature (2454°C); therefore, even its
small additions increase the strength, the hardness,
and the melting temperature of other metals. The
addition of 10% iridium to relatively soft platinum
increases its hardness and strength limit almost three-
fold. If the iridium content in an alloy increases to
30%, the hardness of the alloy increases weakly but the
strength limit doubles, to 99 kg/mm?. Small iridium
additions to tungsten and molybdenum increase the
strengths of these metals at high temperatures. The
alloys of Ir with W and Th serve as materials for ther-
moelectric generators; the alloys of Ir with Hf are
materials for fuel tanks in spacecrafts; the alloys of Ir
with Rh, Re, and W are the materials of thermocou-
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ples used at temperatures above 2000°C; and the alloys
of Ir with La and Ce are the materials of thermal emis-
sion cathodes. Titanium—iridium alloys are the mate-
rials of pipelines operating in the ocean depths. An
iridium layer several atoms thick covers the mirrors of
the telescopes that receive X-rays [1].

Nanosized iridium is applied in the space industry
as the material of electrochemical sensors for selective
determination of toxic gases, catalysts in fuel elements,
and film pastes in microelectronics [2].

The high corrosion resistance of iridium makes
possible to use its alloys in aggressive media. A low
iridium addition to titanium (0.1%) sharply increases
its high acid resistance, and the same is true for chro-
mium [3, 4]. The thermocouples consisting of iridium
and an iridium—40% rhodium alloy reliably operate at
high temperatures in an oxidation atmosphere. Thus,
iridium is widely used in various industries [5].
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A promising method of producing ultradispersed
high-purity metals can be their dissolution in acids fol-
lowed by the formation of ammonium salts and reduc-
tion. Iridium is chemically inert; therefore, it is diffi-
cult to dissolve it, since it does not interact with min-
eral acids. The reactivity of iridium increases in the
alloys of iridium with the metals or intermetallics to be
dissolved in acid solutions [6].

Intermetallic compounds (IMC) and alloys dis-
solve faster than the inert metals entering in their com-
positions, especially in the presence of a large interfa-
cial or grain boundary surface [6, 7]. The transforma-
tion of an inert metal into a soluble form becomes
possible when one of the IMC (alloy) components is
well dissolved. This effect is most pronounced for
ultradispersed IMC, and one of the most promising
methods of their production is mechanochemical
synthesis.

The adsorption-active properties of a liquid metal
with respect to most solid metals are manifested in
interacting solid—liquid metal systems. The penetra-
tion of a liquid metal along grain boundaries in poly-
crystals sharply decreases their strength characteristics
[8, 9]. The fracture energy of a polycrystalline metal in
contact with a melt decreases by two orders of magni-
tude, which ensures a high rate of formation of a
“fresh” solid metal surface. As a result of high wetta-
bility of the surface with a liquid metal, the metal again
forms a solid—liquid metal contact surface, where
IMC are synthesized [10]. As an inert metal, iridium is
expected to interact with active liquid gallium, since
some IMC in the Ir—Ga system form at a high tem-
perature and pressure (Gaglr,, GaslIr, Gaslr;, Galr).
However, the equilibrium Ga—Ir phase diagram has
not yet been plotted [11]. The presence of several IMC
in the Ir—Ga system allows us to assume that the
enthalpy of mixing is negative and mechanochemical
synthesis of these compounds is possible. Since Ga is
well dissolved in acid solutions [12], it can be removed
from the Ga,Ir, IMC fabricated by mechanochemical
synthesis, which increases the ability of iridium to dis-
solve in acids.

An analysis of the reported data demonstrates that
the mechanochemical interaction in (Ir, Ru, Rh)—lig-
uid gallium systems has not been studied; therefore,
such an investigation is important.

The purpose of this work is to study the possibility
of mechanochemical synthesis of Ga,Ir, IMC and
Ga,Ir,/Ir composite materials in the Ga—Ir system
and the possibility of acid separation of gallium from
the synthesized IMC to transform iridium into a solu-
ble form.

EXPERIMENTAL

We used GL-0 gallium and IA-1 iridium powder
with a particle size of ~1.5 um for experiments.
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The mechanochemical synthesis of IMC in the
system inert solid metal (iridium)—active liquid metal
(gallium) was performed in a high-energy planetary
ball mill.

To determine the degree of dissolution of initial
gallium and iridium in mechanochemically synthe-
sized Ga,Ir, and Ga,lIr /Ir IMC, we treated them in a
mixture of concentrated acids (60 mL HCI + 20 mL
HNO,) at a temperature of 75°C for 3 h. 1 g samples
were weighed in 400 mL glasses on a Mettler Toledo
RT 503 analytical balance with an accuracy of 0.001 g.
Filtration was carried out in several stages using filters
with pore sizes of 2—3 um (two layers) and glass grad-
uated cylinders to measure the volumes of filtrate and
rinsing water. The solutions and the insoluble residues
of the compounds were analyzed by a chemical analyt-
ical method and -electron-probe microanalysis,
respectively.

X-ray diffraction (XRD) analysis of the powders
was carried out on an XPERT-PRO diffractometer
using CuKo, radiation (wavelength is 1.54051 A) in
the angular range 20 = 3.0131°-90.91° at the mini-
mum step 206 = 0.001°.

The morphological characteristics and the elemen-
tal composition of the initial iridium powder and the
mechanochemically synthesized Ga,Ir, and Ga,lIr /Ir
IMC in the Ga—Ir system before and after treatment
by a mixture of concentrated acids were studied with a
JEOL 6601 LV (accelerating voltage was 20 kV, magni-
fication was up to X10000) scanning electron micro-
scope (SEM) equipped with an energy dispersive
X-ray microanalyzer (EDXM). The error of elemental
analysis using EDXM was 0.2—0.3 wt %.

RESULTS AND DISCUSSION

Figure 1 shows the results of XRD investigation of
the samples fabricated by the mechanochemical acti-
vation of an iridium—gallium powder mixture taken in
the proportion to form the Galr. The intermetallic
Galr phase is seen to form during activation for 2 min,
which is indicated by the appearance of its weak dif-
fraction lines along with the intense lines of Ir in an
X-ray diffraction pattern (Fig. 1, curve ).

An electron-microscopic study of the samples after
activation for 2 min demonstrates that the average
sizes of the primary product particles of mechano-
chemical interaction (Fig. 2b) and the initial iridium
powder particles (Fig. 2a) are close (1—2 um), but the
degree of agglomeration of the initial iridium particles
is substantially higher.

According to EDXM data, the samples contain
(wt %) 42—48 iridium, 40—42 gallium, and 1-2 iron.

At the initial stage, the major part of gallium covers
iridium powder particles with a very thin layer, and the
Ga;lr forms on the contact surface due to the fact that
the enthalpy of mixing is about 7 kJ/mol (according to
the Miedema calculation) [13—15]. According to
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Fig. 1. X-ray diffraction pattern of the products of mecha-
nochemical iridium—gallium interaction vs. the activation
time: (/) 2, (2) 22, and (3) 32 min.
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[16, 17], IMC with the maximum content of a low-
melting-point metal should form on the contact sur-
face between metals at the initial stage. Therefore, the
Ga;lr should first form in the Ga—Ir system, the
mechanochemical interaction of Ga,Ir with Ir begins
after the entire gallium has been spent, and IMC with
a lower gallium form later [18]. Based on the XRD
data, we assume that, after activation for 2 min, only a
small part of Ga,lIr transforms into Galr via the mech-
anochemical reaction Ga,lr + Ir — Galr, since the
reflections of Galr in the X-ray diffraction pattern are
weak (Fig. 1, curve ).

An increase in the activation time to 22 min leads to
an increase in the intensities of all diffraction lines of
the Galr and to a decrease in the intensities of the lines
of Ir (Fig. 1, curve 2). Electron-microscopic studies
showed that, after activation for 22 min, the average
particle size is ~0.65 um and the agglomerate size of
1-3 um (Fig. 2c¢).

As follows from EDXM results, the Ir content
increases insignificantly to 45—48 wt % and the gal-
lium content decreases to 32—36 wt %. The iron con-
tent in the system increases to 5—6 wt % because of the
milling of steel drums and balls during activation.

As the activation time increases to 32 min, the Galr
content in the system increases: its diffraction line
intensities increase further. The Ir content decreases:
the intensities of the strongest diffraction lines Ir (111)

2288 um
2.044 um

1.869 um

122
1.647 pm
1.868 um
2.154 um

1.710 pm
1.824 um 1.312 um
. 2.104 pm 2,077 um

2612
1.968 pm um

T 2014 pm
1.043. gm

41.641 um e 2seum

Jl.xzs 582 um % 1798 iy

0685 un Y -~ 'a.h 0.690 um
0‘31 - e ‘

T
_‘,'.\ d ia 6 um . ;“l

0.687 1m

~hi-, |
. Y i
. - = 0.636im iy %
-',t =
0.732 um

Fig. 2. SEM images of initial iridium particles (a) and Ir—Ga mixture activated for (b) 2, (c) 22, and (d) 32 min.
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Fig. 3. SEM images of (a) insoluble initial iridium powder sediment and (b) Ir—Ga mixture activated for 32 min after acid treat-

ment.

and Galr (110) become almost the same (Fig. 1, curve 3).
According to EDXM data, the iridium content
increases to 50—52 wt %, the Ga content decreases to
30 wt %, and the Fe content remains unchanged.
According to SEM data, the average particle size
remains almost the same (~0.7 um) and the agglomer-
ate size is 1-3 um (Fig. 2d).

Preliminary experiments on the dissolution of ini-
tial gallium and iridium in the mixture of concentrated
acids showed that gallium is fully dissolved in 40 min.
A highly dispersed iridium powder with a particle size
of 1.5 um does not dissolve under these conditions and
retains the morphological features of the initial irid-
ium (Fig. 3a).

According to EDXM data, the elemental composi-
tion of iridium in the insoluble sediment is 100 wt %.

Since gallium is well dissolved in acid solutions [12]
and iridium can actively pass into a soluble form after
the extraction of Ga from Ga,Ir, intermetallics [6], we
studied the dissolution of the products of the mecha-
nochemical interaction of iridium and gallium,
namely, Ga,lIr, intermetallics.

As the Galr content in the composites increased,
the solubility of iridium in an acid solution was shown
to increase. For example, it was 24.82 wt % after
mechanical activation for 22 min and increased to
31.12 wt % after 32 min. After the passage from the
mechanical composite material into the acid solution,
iridium is expected to undergo oxidation with the for-
mation of a complex H,IrCl, acid.

The insoluble sediment after mechanical activation
for 32 min is ultradispersed and has an average particle
size of 400—500 nm; therefore, it is difficult to separate
it from the solution (Fig. 3b). Filtration was performed
in several stages through two filter layers with a pore
size of 2—3 um.

The agglomerated particles of the dried insoluble
sediment contain ~80 wt % iridium and ~5 wt %
gallium.
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CONCLUSIONS

Using the Ga—Ir system as an example for metallic
systems with platinum-accompanying metals, we
showed that the problem of transformation of chemi-
cally inert iridium into a soluble form can be solved
using mechanochemical synthesis of the intermetallic
compounds of Ir with liquid Ga followed by the
extraction of gallium from them into acid solutions.
Being a surfactant with respect to iridium, liquid gal-
lium propagates along the grain boundaries of poly-
crystalline iridium particles during activation and,
hence, sharply decreases their strength. As a result, the
contact surface between solid iridium and liquid gal-
lium increases, which leads to active formation of
IMC on it. Chemically active gallium was shown to
pass from an IMC to a solution during treatment by a
mixture of concentrated acids, the reactivity of iridium
increases, and more than 30% of iridium transforms
into a soluble form in the form of H,IrCl, (H,Ir**Cl)
complexes.
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