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Iridium is rather difficult to process due to its brittleness and sensitivity to impurities. It is better treated while it is clean and 
fine-grained. Therefore, it should be promising to use fine powders. At the same time, the pressing and sintering of iridium 
nanopowders has not been studied well. This paper describes a method for manufacturing thin-walled iridium tubes using 
powder technology. Iridium powder of 99.997 % purity with an average particle size of 42 nm (BET) was obtained by the 
electrolysis of molten salts. It was subjected to radial magnetic pulsed compaction in copper shell, which was subsequently 
chemically removed. The resulting pressure on the powder here strongly depends on the parameters of the magnetic field pulse 
and other initial conditions, such as the properties of the shell, the thickness of the charge and the rheological properties of the 
powder. Therefore, the properties of green and sintered samples were investigated depending on the amplitude of the magnetic 
pressure, without changing the other parameters. Green bodies with a relative density of up to 50 % were obtained with an 
amplitude of magnetic pressure of 85 –190  MPa. The green density slightly increased with increasing magnetic pressure. 
Sintering at 1000°C in a hydrogen atmosphere yielded thin-walled tubes with a grain size of 0.3 μm and a density of up to 
22.3 g / cm3, close to the theoretical density of iridium, 22.56 g / cm3. The sintered density was insensitive to the green density in 
the studied range. Solid sintered tubes were obtained by an amplitude of magnetic pressure between 85 and 122 MPa.
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магнитно-импульсного прессования и спекания 
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Иридий довольно сложен в обработке ввиду его хрупкости и чувствительности к примесям. Он лучше поддаётся 
обработке в очищенном и мелкозернистом виде. Поэтому должно быть перспективным применение мелкодисперсных 
порошков. При этом прессование и спекание нанопорошков иридия пока мало изучено. В данной работе описан 
способ изготовления тонкостенных труб из  иридия по  порошковой технологии. Порошок иридия чистотой 
99.997 % со средним размером частиц 42 нм (БЭТ) был получен электролизом расплавленных солей. Его подвергали 
радиальному магнитно-импульсному прессованию в медной трубчатой оболочке, которую впоследствии химически 
удаляли. Давление прессования здесь сильно зависит от  параметров импульса магнитного поля и  от  других 
начальных условий, таких как свойства оболочки, толщина засыпки и реологические свойства порошка. Поэтому 
свойства изделий исследовали в зависимости от амплитуды магнитного давления, не меняя остальных параметров. 
Прессование с амплитудой магнитного давления 85 –190 МПа и длительностью импульса около 100 мкс позволило 
получить компакты с  относительной плотностью до  50 %. Плотность компактов незначительно увеличивалась 
с увеличением магнитного давления. Спеканием при 1000°С в атмосфере водорода были получены тонкостенные 
трубки с размером зерна 0.3 мкм и плотностью до 22.3 г / см3, близкой к теоретической плотности иридия, 22.56 г / см3. 
Плотность спеченных образцов не зависела от плотности компактов в исследованном диапазоне. Цельные спеченные 
трубы были получены при прессовании с амплитудой магнитного давления в 85 –122 МПа.
Ключевые слова: нанопорошок иридия, магнитно-импульсное прессование, спекание.
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1. Introduction

Global consumption of iridium increases over the years, 
and the range of iridium products also increases [1, 2].  
It is widely used for crucibles, containers and seed holders 
in growing crystals, spark plug electrodes, etc., due to its 
unique properties, such as high melting point and resistance 
to chemical erosion [3]. Iridium tubular articles may be used 
in various engineering fields, for example, as W-Ir nozzles 
in the production of ceramic refractory fiber. However, few 
works have studied thin-walled iridium tubes. Usually, the 
production of such tubes requires electron beam melted [4] or 
vacuum arc remelted [5] ingots, which are subsequently hot-
rolled, formed into tubes and arc welded [6]. Technological 
routes for casting such products are quite expensive due to 
their complexity. The main point here is that iridium is brittle 
even with a small amount (0.2 %) of impurities [1]. However, 
being purified it can be hot worked [7] or even plastically 
deformed at room temperature [8]. In [1] it was considered 
to be better mechanically treatable in a fine-grained state.

Powder metallurgy, as an alternative way, is able to process 
pure iridium and its alloys in a fine-grained state. Crucibles 
for growing single crystals [9] and electrodes for plasma 
cutting of iridium-based alloys [10] were manufactured 
by means of hot isostatic pressing. The Ir-based alloys 
containing up to 15 % alloy additions of niobium, titanium, 
zirconium or hafnium were consolidated from pre-alloyed 
powders using pulse electric current sintering method into 
homogenous specimens with a density of 98 % [11]. Iridium 
alloy doped with 4 at.% Zr and 0.3 at.% W was subjected to 
cold isostatic pressing [12] at 200 MPa for 60 s, pre-sintered 
at 1500°C for 4 h in vacuum, and sintered at 2190°C for 3 h 
in a hydrogen atmosphere. The relative density there was 
85 % after pre-sintering and 95 % after sintering. The grain 
sizes were 3 and 4 – 5  µm, respectively. Unfortunately, pure 
Ir was not amenable to pressing and sintering or hot isostatic 
pressing, according to [13]. The use of nanopowders can solve 
the problem due to their ability to low-temperature sintering.

While single publication [14] has been found so 
far regarding the compaction and sintering of iridium 

nanopowder, this area of research will most likely grow and 
develop. Although nanopowders are quite difficult to compact, 
dynamic methods are promising for such materials [15,16]. 
In addition, the low-temperature sintering can potentially 
give a submicron-grained material.

The present paper describes a promising way to 
manufacture thin-walled tubes by radial magnetic pulsed 
compaction and sintering of pure iridium nanopowder.

2. Experimental

The initial iridium powder (Table 1) was obtained by “Ural 
Metals” by electrolysis of molten salts based on alkali 
metal chlorides [17]. After the powder had been washed 
from the salts, it was reduced in hydrogen at 400°C and 
cooled in argon. The chemical composition of powder 
and sintered samples was determined by atomic emission 
spectral analysis and spark mass spectrometry. The specific 
surface was determined by the BET method (Tristar 3000). 
The phases of the powder and sintered samples and the 
structural parameters were refined by XRD analysis (Bruker 
D8 Discover).

The powder consisted of faceted particles ranging in size 
from 15 to 50 nm (Fig. 1a, b). Its tap density after vibration 
loading (Table  1) was calculated as ρtap = m / V.  The average 
mass of the powder m and mold void volume V were 1.6  g and 
1.08  cm3, respectively. In relation to the theoretical density 
of iridium of 22.56 g / cm3 [18], the tap density was only 7 %. 
Such a low density of the powder along with its micrographs 
indicated a high agglomeration of particles.

			   a							             b
Fig. 1. SEM (a) and TEM (b) images of initial iridium nanopowder.

Ir content, 
mas.%

dx, nm SBET, m
2/g dBET, nm ρtap, g/cm3 ρtap rel, %

99.997 17 6.4 42 1.52 6.7

Notes: dx is the crystallite size; SBET is the powder specific surface;  
dBET is the average particle size; ρtap is the tap powder density;  
ρtap rel is the tap powder density in relation to the theoretical density, 
22.56 g / cm3.

Table 1. Initial powder characteristics.
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The powder densification curve (Fig. 2) was obtained by 
uniaxial static pressing of powder cylinders of 0.64 – 0.68 g in 
the mold with a diameter of 4.5 mm at pressures from 0.07 
to 1 GPa. The maximum relative green density of 46 % was 
achieved.

Radial magnetic pulsed compaction [15,19, 20] was 
carried out on a pulsed current generator with a 425  μF 
capacitor battery and a maximum charging voltage of 
25  kV. The generator was loaded on a multi-turn inductor.  
The total inductance of the discharge circuit with this 
inductor was about 2.5 μH. The inductor was a solid spiral 
made of hardened structural steel. Its turns had a rectangular 
cross-section of 5.6 × 27.1 mm, the spiral step was 6.2 mm.  
The internal diameter of the inductor was 25.8  mm; its 
length was 152 mm. The turns were insulated with glass fiber 
reinforced epoxy resin.

A specially designed mold was placed inside the inductor 
(Fig. 3 a). The powder (1) was filled into the gap between the 
copper shell (2) and the copper core (3) using an additional 
holder. The inductor was several times longer than the copper 
tube: this ensured the magnetic field uniformity along the 
tube. The outer diameter of the copper shell was 12  mm 
and its wall thickness was 0.9  mm. The core diameter was 
6 mm. Thus, the initial powder filling thickness was 2.1 mm.  
The powder was loaded using a vibrating table for 5 minutes. 
The advantage of this mold design is that the non-fixed ends 
of the copper tube slide over the stainless steel plugs (4); 
in this way powder compression circumstances are quite 
uniform along the tube. Due to the elimination of the edge 
effects, the powder is used with minimal losses.

The powder was degassed by placing the mold into an 
additional thin-walled stainless steel tube (not shown in 
the Fig. 3 a). Pumping was carried out at 160 –170°C for 
45 – 60 minutes to a residual pressure of 5 –10 Pa. Magnetic 
pulsed compaction was carried out inside the same stainless 
steel tube after cooling to room temperature under continuous 
pumping.

The current pulse for the compaction was one half-wave 
of a damped sinusoid, 108  μs in duration (Fig.  3 b). It was 
measured using a Rogowski coil. Here the charging voltage 
was 10 kV. The current switching off at its zero is the result of 
the diode effect in the vacuum spark switches [21] used in the 
generator power circuit. The stainless steel tube surrounding 

the mold had a diameter of 20 mm and a thickness of 1 mm. 
It lets passing inside 87 % of the coil magnetic field, which 
referred to the effective magnetic pressure. This diffused 
field was shielded by a high conductive copper tube, which 
resulted in radial compressing the tube and the powder 
inside as a consequence. It should be noted that in dynamic 
methods the low tap density of the powder allows achieving 
high kinetic energy of the tube wall. At further compaction 
stages, this energy goes to the powder densification (inertial 
effect). The dependence of the green density on the amplitude 
of the magnetic pressure was discovered with fixed other 
parameters.

The magnetic pressure was varied by changing the 
battery charging voltage from 10 to 15 kV, which refers to a 
magnetic field from 15 to 22 T, magnetic pressure from 85 to 
190 MPa and maximum tube velocity from 90 to 160 m / s, as 
was calculated according to the model from [16]. The green 
density was determined using the actual powder tap density 
and size reduction after pressing.

To extract the sample, the copper shell and core 
were removed by etching in dilute nitric acid, as in [19].  
The compacts were then washed from the acid with distilled 
water. The dried samples were sintered in hydrogen at 1000°C 
for 30 minutes at a maximum heating rate of 3°C / min. Then 
they were cooled in argon at 5°C / min. The density of the 
sintered samples was determined by weighing in water.

Fig. 2. Powder densification curve: green density ρ versus pressure P. 
Dots — experimental data.

			      a							                  b
Fig. 3. Magnetic pulsed compaction scheme (a) and typical pulse of current at 10 kV charging voltage (b). 1 — powder, 2 — copper tube, 
3 — copper rod, 4 — end plug.
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3. Results and discussion

The initial powder was compacted to a relative density of 
35 – 50 % by radial magnetic pulsed compaction (Fig. 4) with 
an amplitude of magnetic pressure of 85 –190 MPa. The copper 
shell here acts as a “magnetic hammer”, therefore the inertial 
effect results in several times higher compacting pressure on 
the powder. If the powder is compacted from low tap density 
(Table  1), the powder exerts low resistance at the beginning 
of the shell compression. This allows the shell to reach higher 
velocities, therefore, increasing the pressure on the powder. The 
green density slightly increased with increasing amplitude of 
magnetic pressure. The density of the sintered tubes was about 
22.3 g / cm3, regardless of the green density in the studied range.

The dimensions of the compacts (Fig. 5 a, b) were: 6.8 mm 
in external diameter, 0.4 mm in wall thickness and 20 mm in 
length. The shell and compact were pressed quite uniformly 
along the axis.

Solid sintered products were obtained with amplitudes 
of magnetic pressure from 85 to 122  MPa (Fig.  5 c). Their 
dimensions were: 4.9 – 5.2  mm in external diameter, 
0.35 – 0.38 mm in wall thickness, 13 –14 mm in length. Relative 
diameter difference (ellipticity) after sintering in the middle 
and the ends of the best obtained tubes did not exceed 1 %.

Cracks emerging on the samples compacted with higher 
magnetic pressures (Fig.  5 d) most likely resulted from 
overpressing: excessive internal stresses in the compacts, 
which led to the fracture of the material during sintering.

An average grain size of 0.3  μm was measured on 
SEM- images of the fractured sintered sample using the linear 

intercept method (Fig. 6 a). At the same time, X-ray diffraction 
(Fig.  6 b) indicated single-phase cubic iridium (Fm-3m 
spatial group) with a lattice period of 0.38404 ± 0.00005 nm 
and an average crystallite size of 180 ±15 nm.

The amount of impurities after compaction and sintering 
increased in comparison to that in the initial powder: 88 ppm 
of impurities were registered, in particular 57 ppm of copper, 
15 ppm of silicon, and 8 ppm of each silver and zinc. Thus, the 
iridium nanopowder was compacted and sintered to 99.99 % 
Ir with a smaller grain size and a higher density than its alloy 
with 4 at.% Zr and 0.3 at.% W by cold isostatic pressing and 
sintering performed in [12].

Fig. 4. Green densities (round markers) and sintered densities (square 
markers) versus magnetic pressure. Theoretical density of iridium is 
shown by a dashed line.

                     a				    b			              c				    d
Fig. 5. (Color online) The view of the compact inside the shell (a), extracted compact (b), sintered samples obtained at different magnetic 
pressures: 100 MPa (c); 140 MPa (d).

       			        a							                 b
Fig. 6. Sintered sample: SEM of the fracture (a); X-ray diffraction pattern (b).
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4. Conclusion

The initial nanopowder of pure iridium was subjected to 
radial magnetic pulsed compaction. Green bodies with 
a relative density of up to 50 % were obtained. Due to the 
geometry and inertial effect, peak magnetic pressure of 
85 –190 MPa was needed instead of a static uniaxial pressure 
of more than 1  GPa. The chosen mold design allowed us 
to minimize the powder losses. The green density slightly 
increased with increasing amplitude of magnetic pressure.  
A magnetic pressure of 85 –122  MPa was sufficient to 
produce solid sintered tubes. Sintering at 1000°C in a 
hydrogen atmosphere yielded thin-walled tubes with a grain 
size of 0.3 μm, having a density close to the density of the 
solid body, up to 22.3  g / cm3, which was insensitive to the 
green density in the studied range. A further increase in 
pressure led to cracking during sintering.

The use of a radial magnetic pulsed compaction in a 
copper shell with its subsequent etching allows forming 
both tubes and other axisymmetric products with varying 
diameters or wall thicknesses, such as a nozzle. This 
technology is reasonable for iridium and other acid-resistant 
materials, when the final product is more expensive than 
copper shell.
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