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In this paper, the possibility of obtaining fine zirconium powders by the hydrogenation-
dehydrogenation method is studied. The main parameters of the technological process that allow
obtaining fine zirconium powders for pyrotechnics are determined. Hydrogenation and dehydro-
genation of the samples are carried out in a rotating quartz tube placed in a furnace at temperatures
of 380◦C and 850◦C, respectively. Zirconium hydride is milled using tungsten carbide balls to
eliminate the presence of impurities. Thus it is possible to obtain a fine zirconium powder with a
number-average particle size of 4.527 ± 2.650 µm and a specific surface area of 0.231 m2/g from the
initial electrolytic zirconium powder with a number-average particle size of 220 µm and a specific
surface area < 0.1 m2/g. The allowed relative error of measuring the specific surface area is ± 5%.
Hence it is possible to reduce the particle size of zirconium powder by 54.6 times without changing
the composition.
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1. INTRODUCTION

The properties of pyrotechnic composition (PC) are determined by the nature, ratio, and
dispersion of the components. Combustion of PC occurs in a condensed phase, on the surface
of metallic fuel; therefore, the physicochemical properties of the metal particle surface have
a significant effect on the combustion of PC. The redox reaction in PC leads to the release
of energy in the form of heat, light, and sound. The reaction rate depends on the particle
morphology (specific surface area, particle size) of the components included in the pyrotech-
nic mixture, as well as their proportions. Moreover, it is known that with decreasing particle
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size, the reaction rate increases, which results in an increase in the rate of energy release
(Sarawadekar et al., 2008; Zhang et al., 2011). Thus obtaining finely dispersed metal pow-
ders is one of the main tasks of pyrotechnics. Highly active zirconium metal powder is one
of the major components in PC, which is widely used in flash compositions, in small-gas and
ignition compositions for small-sized products, where combustion stability in small-diameter
charges is required (Pourmortazavi et al., 2008; Gromov et al., 2014; Han et al., 2019,
2020).

Finely dispersed zirconium powder (<40 µm) ignitions occur promptly and at a tempera-
ture of 180–200◦C. Larger zirconium particles typically require higher temperatures (Lee, 2002;
Frost et al., 2008; Badiola et al., 2013).

High purity and finely dispersed zirconium powders are needed to conform to the pyrotech-
nic requirements. There are various methods for producing finely dispersed zirconium powders,
such as thermal reduction of metals, electrolysis of molten salts, oxidation of electrodes, ther-
mal explosion method for production of hydrides (Rosenband et al., 2013), and hydrogenation-
dehydrogenation (HDH) (Luo et al., 2017; Choi et al., 2018). Among the above methods, HDH
is the most common for producing finely dispersed zirconium powders due to low cost, flex-
ibility, and simplicity of the process (Lustman et al., 1955; Gökelma et al., 2018). A typical
HDH process consists of three stages: hydrogenation, milling, and dehydrogenation. The metal-
hydride transformation serves only for grinding or imparting special properties and high activity
to the powder. The hydrogenation reaction is exothermic and proceeds faster on the surface. The
hydride forms directly in the form of a powder, or it is so brittle that it can be easily crushed
(Liu et al., 2019). The hydrogenation reaction proceeds with the release of heat and the expan-
sion and deformation of the crystal metallic lattice, and leads to mechanical destruction of the
material. During dehydrogenation, zirconium hydride powder is converted to zirconium metal
powder. The particle size of the final product depends on the composition and structure of the
material, the number of HDH cycles, and the method of grinding zirconium hydride. Zirconium
powders are too soft and ductile for mechanical grinding (Lustman et al., 1955). However, zir-
conium hydride is brittle and easily crushed into powder, which decomposes into metal and
hydrogen when it is heated in a vacuum (Kang et al., 2015). Zirconium hydrides are formed
at a temperature range from 235◦C to 800◦C, and the most intensive absorption of hydrogen
occurs at 400◦C. The hydride formed at 400◦C is mainly ZrH2, while the powder obtained at
800◦C is ZrH, but when cooled in hydrogen from 800◦C, some of this hydride turns into ZrH2.
The final product is a mixture of these two hydrides (Douglas, 1963). Both hydrides are brittle
and can be crushed by traditional methods, for example, in a ball drum. Then zirconium hy-
dride is decomposed in a dynamic vacuum at a temperature from 400◦C to 800◦C and again
milled, sieved through a sieve with the required mesh size, selecting the required fraction of
the finished powder (Zhang et al., 2011). However, in the works of Anfilov et al. (2015) and
Kuznetsov et al. (2017), in particular, it was shown that during HDH of metal powder, the av-
erage mass size of its particles can both decrease or increase depending on the conditions of
these processes. Therefore, it is necessary to choose the process conditions that do not lead
to sintering between particles with a consequent enlargement of their diameter. This can be
achieved by constantly mixing the material in the HDH processes, so a rotating tube furnace
was chosen as the main device for conducting experiments. In addition, an important task was
to maintain the purity of the product and prevent the formation of impurities in the produc-
tion process. Thus the aim of our study was to obtain by HDH a zirconium powder with an
average particle size of less than 10µm and the content of impurities as in the source mate-
rial.
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2. EXPERIMENTAL

2.1 Analytical Research Methods

2.1.1 Phase Composition and Structural Characteristics

The determination of phase composition and structural parameters for the samples was carried
out at the Center of Materials Science for Collective Use of Tomsk State University, Tomsk (Rus-
sian Federation). The study was conducted using an XRD-6000 diffractometer from Shimadzu
Corporation (Japan) with CuKα-radiation= 1.54056Å, and 2O in the range of 10–80◦C. The
phase composition was analyzed with the use of PDF databases 4+and the full-profile analysis
software PowderCell 2.4.

2.1.2 Elemental Composition

Elemental composition was determined using mass spectroscopy with inductively coupled plasma
on an ICP-MS ELAN-9000 DRC-e mass spectrometer (Perkin Elmer, USA). According to the
procedure, 10 g of the samples were preliminarily subjected to wet combustion at 450◦C with
subsequent spraying of the obtained solution into plasma of the inductively coupled discharge.
The calibration curve of Au was built within the range of 0.0000001–0.0035% wt.

2.1.3 Particle Size Distribution

The particle size distribution was determined on a sieve vibration analyzer ASV-300 (Russia)
by dry sieving. For analysis, we used a set of sieves with holes of diameters of 20, 40, 125,
250, 500µm, and 1 mm. The mass of the initial sample for sieving was 400–500 g. Shaking
was carried out for 30–60 min. Vibration amplitude of the drive plate was from 0.25 to 1.5 mm
depending on the weight installed on the plate. Vibration frequency was 1500 Hz. For weighing
we used an analytical balance AND HR-250AZ, repeatability (standard deviation) 0.1 mg. The
yield of each fraction was calculated and the differential and integral curve of the fractional
composition was constructed. The total yield of the product was compared with the mass of the
initial sample; the result for processing was taken with a difference between the initial and final
masses of less than 3%.

2.1.4 Morphology of Samples

2.1.4.1 Scanning Electron Microscopy Analysis

The zirconium powders obtained by dehydrogenation were analyzed by scanning electron mi-
croscopy (SEM). For this purpose, the samples were coated with a gold layer, then SEM mi-
crographs were captured by a VEGA 3 TESCAN scanning electron microscope (Tescan Orsay
Holdings, Kohoutovice, Czech Republic) at 10.0 kV. ImageJ was utilized to determine the aver-
age particle size as an open-source image analysis program for Macintosh, Windows, and Linux
operating systems.

2.1.5 Specific Surface Analysis

The parameters of the porous structure and specific surface area of the samples were analyzed
using the TriStar 3020 automatic gas adsorption analyzer. A bulk version of the sorption method
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was used. The specific surface was calculated from the isotherm of low temperature sorption of
nitrogen vapor. The specific surface of the samples was determined by the Brunauer–Emmett–
Teller method by thermal desorption of argon with an internal standard. Before measurements,
the samples were degassed in vacuum at a temperature of 240◦C for 2 h.

2.2 Sample

Electrolytic zirconium powder was used as raw material for the preparation of finely dispersed
zirconium powders. The phase and elemental compositions and particle size distribution of the
initial sample were determined by the methods described in Section 2.1.

The chemical composition of the initial powder of zirconium electrolytic (% wt) was: Zr,
99.49; B, 0.05; Na, 0.04; Al, 0.02; P, 0.01; K, 0.02; Sc, 0.03; Ti, 0.20; Fe, 0.03; Cd, 0.05; In,
0.01; Hf, 0.04; and W, 0.00.

The particle size distribution is presented in Table 1 and Fig. 1. The phase composition is
presented in Table 2.

TABLE 1: The particle size distribution of the initial powder of zirconium electrolytic

Sizeof particles, Differ ential product yield, Integrated product yield,
µm % wt % wt
< 20 0 0

40–20 0.5 0.5

125–40 19.9 20.4

250–125 32.5 52.9

500–250 38.5 91.4

1000–500 8.6 100

> 1000 0 100

FIG. 1: The particle size distribution of the initial zirconium powder and average particle size
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TABLE 2: The phase composition of the initial sample of zirconium powder

Content
Massfraction, Lattice Sizeof the coherent

% wt parameters,Å scattering region, nm

Zr 100
a= 3.2343

57
c= 5.1498

Themain fraction of the initial zirconium powder sample was from 500 to 125µm in size and
amounted to 71% wt in total. The yield of the fraction with a particle size of less than 125µm
was 20.4%. The yield of the fraction with a particle size of more than 500µm was 8.6%. The
mean particle size is 220µm (Fig. 1).

Analysis of the specific surface showed that the initial zirconium powder was quite dense
and not porous; its specific surface did not exceed 1 m2/g. The specific surface was calculated
based on the average particle size and was 0.00423 m2/g.

The phase composition and structural characteristics of the initial sample of zirconium pow-
der are presented in Table 2.

2.3 The HDH Method for Preparation of Fine Zirconium Powder with a Particle
Size of Less Than 10 µm

2.3.1 Hydrogenation

Hydrogenation of zirconium powder samples was carried out in a quartz tube placed in a furnace,
Nabertherm RSRC 80-750/11, in accordance with the diagram in Fig. 2.

FIG. 2: Scheme of hydrogenation stages
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Argon was flown to the furnace to remove air from the quartz tube, receiving tank, feed
hopper, and other furnace parts. After that, the initial zirconium powder was fed into the feed
hopper. The furnace was heated to 380◦C. When the set temperature was reached, the argon
flow ceased and hydrogen was flown. The speed of quartz tube rotation and the rotation of the
screw conveyor were established, which are necessary for uniform distribution and movement
of material through the quartz tube. The material was in the heating zone for 20 minutes. The
powder moved through the quartz tube and was accumulated in the receiving tank. At the end of
hydrogenation, the heating was turned off, the rotation of the tube and screw feeder was turned
off, and the furnace was cooled down to ambient temperature. After that, the receiving tank with
the product was removed and transferred to a pressure-tight glove box with an inert atmosphere
for further work.

2.3.2 Milling Zirconium Hydride

Zirconium hydride is more crushable than metallic zirconium, so the coefficient of resistance to
milling will be much less.

The experiments on milling samples after hydrogenation were carried out in a ball drum
mill placed in a pressure-tight glove box with an inert atmosphere (Ar/N2). The experimental
conditions are presented in Table 3.

The type of milling was wet. Heptane was used as a process controlling agent in wet milling
because water could lead to hydrolysis of zirconium hydride. The mill drum was made of
polypropylene to prevent grinding of the drum material and contamination of the product.

2.3.3 Dehydrogenation

Dehydrogenation of zirconium hydride samples was carried out in a quartz tube placed in a
furnace, Nabertherm RSRC 80-750/11, in accordance with the diagram in Fig. 3.

Argon was flown to the furnace to remove air from the quartz tube, receiving tank, feed
hopper, and other furnace parts. After that, the initial zirconium powder was fed into the feed

TABLE 3: Zirconium hydride grinding parameters in a drum mill with tungsten
carbide balls

Characteristics Value
Drummaterial Polypropylene

Grindingdrum sizes:

Diameter, mm 110

Height,mm 115

Ball material Tungsten carbide (WC)/Chrome-bearing steel

Ball diameter, mm 2

Total mass of milling balls, g 1300

Massof mill feed, g 180

Dispersionmedium, volume n-heptane(99.8%), 80 ml

Rotationspeed, rpm 120

Time of milling, h 1
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FIG. 3: Scheme of dehydrogenation stages

hopper. The furnace was heated to 850◦C. The speed of quartz tube rotation and the rotation of
the screw conveyor were established, which are necessary for uniform distribution and move-
ment of material through the quartz tube. The material was in the heating zone for 20 min. The
powder moved through the quartz tube and was accumulated in the receiving tank. At the end of
dehydrogenation, the heating was turned off, the rotation of the tube and screw feeder was turned
off, and the furnace was cooling. After that, the receiving tank with the product was removed
and transferred to a pressure-tight glove box with an inert atmosphere for further work.

3. RESULTS

3.1 The Results of the HDH Process

Under these conditions, described in Section 2.3, a series of experiments were conducted that
showed repeatability of the results. The particle size distribution of the initial zirconium powder
and powder after hydrogenation is presented in Fig. 4.

The change in particle size after the hydrogenation process was not significant. Fractions of
hydrogenated powder with particle sizes from 125 to 40µm, from 250 to 125µm, and from 500
to 250µm were 22.6%, 37.8%, and 26.8%, while in the initial powder they were 19.9%, 32.5%,
and 38.5%, respectively. However, as can be seen from Fig. 4, there is a positive dynamic of
changes in the particle size distribution: a decrease in the content of large fractions with a particle
size of 1000 to 250µm and an increase in the content of small fractions with a particle size of
125 to 20µm. The metal failure during interaction with hydrogen occurs due to the stretching
and breaking of atomic bonds. The work of stretching and breaking bonds leads to the growth of
microcracks in the material, accompanied by relaxation of elastic stresses in the volume of their
growth and passes into surface energy. It is obvious that the appearance of much lower pressures
should lead to the dispersion of metals during the absorption of hydrogen. Each subsequent
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FIG. 4: Particle size distribution of the initial sample of zirconium powder and powder after hydrogenation

hydrogenation cycle is accompanied by the appearance of new stresses, so there is a further
development of lattice defects, leading to its destruction and, consequently, to the dispersion of
the material.

The phase composition and structural characteristics of the hydrogenated zirconium powder
sample are presented in Table 4. According to the results of x-ray phase analysis, the zirconium
hydride sample obtained by hydrogenation stage contained 5.4% of the initial zirconium pow-
der. Figure 5 showed the particle size distribution of the hydrogenated powder before and after
milling in a ball mill.

During dehydrogenation of zirconium hydride in these conditions, the particle size was de-
creased by two times. Thus we needed to use zirconium hydride powder with a particle size of
less than 20µm at the dehydrogenation stage to obtain a fine zirconium powder with a particle
size of less than 10µm. For this reason, the milling of the zirconium hydride to a final fineness
of less than 20µm was carried out.

According to the results (Figs. 4 and 5) after milling zirconium hydride with tungsten carbide
balls (2 mm), the main fraction belongs to the size class (–20)µm and totals 63% wt, thus this
fraction increased by 63.6 times compared with the initial hydride (0.99% wt).

The elemental analysis results of samples are presented in Table 4.

TABLE 4: The phase composition of the milling zirconium powder sample
after dehydrogenation

Content
Massfraction, Lattice Sizeof the coherent

% wt parameters,Å scattering region, nm

Zr 5.4
a= 3.2326

58
c= 5.1489

ZrH2 94.6
a= 3.5183

44
c= 4.4627
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FIG. 5: Particle size distribution of the hydrogenated powder before and after milling in a ball mill

According to elemental analysis (Table 5), the zirconium hydride sample, which was milled
in a ball mill with steel balls, contained 0.24% wt iron impurities, and the iron content in the
initial powder was 0.03% wt. There were no impurities in the process of milling zirconium
hydride with balls of tungsten carbide since the material of the balls did not grind. Thus, for
finer milling and maintaining the purity of the product, it is necessary to use milling balls of
tungsten carbide.

TABLE 5: The elemental composition of the initial sample and samples after
milling

Content

Initial Zir conium hydride Zir conium hydride
zirconium powder after milling powder after milling
powder with tungsten carbide balls with steel balls

Massfraction, % wt
B 0.05 0.05 0.05
Na 0.04 0.04 0.04
Al 0.02 0.02 0.02
P 0.01 0.01 0.01
K 0.02 0.02 0.02
Sc 0.03 0.03 0.03
Ti 0.20 0.20 0.20
Fe 0.03 0.03 0.24
Zr 99.49 99.49 99.28
Cd 0.05 0.05 0.05
In 0.01 0.01 0.01
Hf 0.04 0.04 0.04
W 0.00 0.00 0.00
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After the milling stage in a ball mill, dehydrogenation of the zirconium hydride samples was
carried out according to the procedure described in Section 2.3.3.

According to SEM (Fig. 6), the sample of zirconium powder obtained by the HDH process
was a loose powder with a developed surface, which consisted of clusters of fragmented particles.
The particle shape was fragmentation due to the milling of zirconium hydride in a ball mill.

The particle size was measured as the average from minimum and maximum Feret diameters
using ImageJ software. The number of the sampled particles analyzed by ImageJ are 176 for
image A (732× magnification), 146 for image B (1930× magnification), 49 for image C (5590×
magnification), and 43 for image D (8080× magnification). The particle size was approximately
from 20 to 0.5µm. For image A the mean particle size was 5.062µm, standard deviation±
2.805; for image B, 4.751µm, standard deviation± 2.594; for C, 3.260µm, standard deviation
± 1.913; and for D, 3.031µm, standard deviation± 1.830. Taking into account all the images,
the mean particle size was 4.527µm, standard deviation± 2.650. Thus, after milling by the
method, the mean particle size decreased from 220µm to 4.527µm; that is, in the product this
value became 54.6 times less than in the initial powder. When calculating the specific surface
area values, the density of the zirconium powder was assumed to be 6.506 g/cm3. The specific

FIG. 6: SEM images of the HDH fine zirconium powder. A: 732×magnification, scale length 50µm;
B: 1930× magnification, scale length 20µm; C: 5590× magnification, scale length 10µm; D: 8080×
magnification, scale length 5µm.
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surface was calculated based on the average particle size and was 0.231 m2/g. Comparison of the
initial powder and the final product is presented in Table 6. The phase composition and structural
characteristics of the HDH fine zirconium powder are presented in Table 7.

According to the results of X-ray phase analysis, the zirconium sample obtained by the HDH
method contained zirconium hydride impurities (4%).

4. CONCLUSIONS

Hydride-dehydride fine zirconium powder was obtained with a mean particle size of 4.527±
2.650µm and a specific surface area value of 0.231 m2/g from the initial electrolytic zirconium
powder with a mean particle size of 220µm and a specific surface area value of 0.00423 m2/g.
Thus it was possible to reduce the particle size of zirconium powder by 54.6 times. The particle
shape was fragmentation due to the milling of zirconium hydride in a ball mill.

The impurity content in the product (HDH fine zirconium powder) was the same as in the
initial electrolytic zirconium powder. The HDH fine zirconium powder was of high quality,
and new impurities did not form due to the purity of the HDH process and moreover, due to
the use of tungsten carbide balls and a polypropylene drum at the milling stage of zirconium
hydride.

Based on the analysis of the experimental data, fine zirconium powders obtained by the HDH
method can be used in the manufacture of pyrotechnic materials due to the fine particle size and
purity of the powder.
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TABLE 6: Comparison of the characteristics of the initial zirconium powder and product
(HDH fine zirconium powder)

Characteristics Initial zirconium powder HDH fine zirconium powder

Meanparticle size,µm 220 4.026

Specificsurface, m2/g 0.00423 0.231

TABLE 7: The phase composition of the milling zirconium powder sample
after dehydrogenation

Content
Massfraction, Lattice Sizeof the coherent

% wt parameters,Å scattering region, nm

Zr 96
a= 3.2397

48
c= 5.1633

ZrH 4
a= 4.5915

59
c= 4.9575
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