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This paper describes results of study processing of substandard materials and waste of magnesium-thermal
production of spongy zirconium to determine the optimal methods of zirconium recycling. The optimal methods of

processing that will allow reuse of substandard materials and waste in the process of magnesium-thermal production
of sponge zirconium with the content of impurities at the level of world standards are determined.

INTRODUCTION

Zirconium alloys are widely used as nuclear fuel
clad materials and core structures in water-cooled
nuclear power reactors due to its strong corrosion
resistance properties and excellent low absorption cross-
section for thermal neutrons [1].

For nuclear reactor applications the zirconium alloys

(M5, Zirlo, Zircaloy-2, Zircaloy-4, MDA, NDA)
produce using zirconium sponge produced by
magnesium-thermal  method [1-3]. Method of

magnesium-thermal recovery of zirconium tetrachloride
(the Kroll process) is most widely used to produce
zirconium metal in the world practice. Zirconium
sponge is produced by this method which is based on
the reduction of gaseous zirconium tetrachloride with
liquid magnesium in an oxygen-free environment in a
combination batch process. It is then separated from the
excess magnesium and magnesium chloride by vacuum
distillation and finally melted in a vacuum ingot form.

The results of feasibility study showed that prime
price of zirconium, got on technology of magnesium-
thermal reduction of tetrachloride of zirconium, less
than, and process of receipt — more rapid with providing
of considerable energy-savings [4]. Technology of
magnesium-thermal reduction consists of the following
steps: chlorination of zircon, separation of zirconium
and hafnium chlorides, reduction of zirconium
tetrachloride, purification of recovery products by
vacuum separation, vacuum treatment of sponge
zirconium and processing into a commaodity product [2,
3,5-7].

The need for utilization of substandard materials is
one of the problems in developing the technology of
magnesium-thermal production of sponge zirconium,
which cannot be used in the manufacture of zirconium
sponge. Substandard materials and waste are generated
at various stages of metal production and fabrication.

The substandard materials and wastes generated
during the metal production is an integral part of the
magnesium-thermal production of zirconium. The
number of these materials depends on the observance of
technological regimes for the production of both
zirconium  tetrachloride and sponge  zirconium.
Therefore, the definition of methods and technologies
for utilization of substandard materials and waste has an
important impact on the economic parameters of the
production of spongy zirconium, which require more

detailed research to select the most efficient methods of
processing.

The purpose of the work was to study processes for
the processing of substandard materials and waste
magnesium-thermal production of sponge zirconium to
determine the optimal methods of processing, which
would allow them to be reused in the process of
magnesium-thermal obtaining of sponge zirconium with
the content of impurities in sponge zirconium at the
level of world standards.

1. SUBSTANDARD MATERIALS
OF MAGNESIUM-THERMAL ZIRCONIUM
PRODUCTION

Raw materials always contain certain impurities,
even in small quantities, the equipment may have
certain disadvantages, and deviations in the modes of
technological processes always take place — all this
leads to the generation of substandard materials and
waste.

An analysis of the process for the production of
zirconium has shown that the main substandard
products and wastes generated during the magnesium-
thermal recovery of zirconium tetrachloride are chloride
and metal substandard materials, such as:

— residues of zirconium tetrachloride which did not
reacted in the recovery apparatus;

— lower zirconium chlorides, formed in the cold
zones of the reactor, on the retort flanges;

— lower zirconium chlorides, formed in the event of
a magnesium deficiency in the process of recovery and
deviations in technology of recovery process;

— lower and lateral portions of the zirconium block
in which the impurities from the raw material can
accumulate;

— residues of the separation and comminution of the
spongy zirconium block;

— blocks or parts of the sponge zirconium block,
formed as a result of violation of technological regimes
of recovery and vacuum separation.

In addition, zirconium tetrachloride after long-term
storage or storage in inappropriate conditions should be
considered substandard materials too. In this case the
zirconium chloride is saturated with moisture and
oxychloride is formed, which is not recovered during
the production of sponge zirconium and reduces the
productivity of the process, as well as increases the
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content of harmful impurities, especially oxygen, in
sponge zirconium.

If metal substandard materials of magnesium-
thermal production have high quality they can be used
in iodide refining process as initial materials. All other
waste has a significant content of impurities, so they
must be subjected to re-chlorination and recovery.

The particle size of zirconia (zirconium dioxide),
which is subject to chlorination, should not normally
exceed 100 pm, therefore, it is necessary to provide for
the processing of substandard products and waste of
magnesium-thermal production to the appropriate
fractional composition. This is possible with the use of
hydrogenation-dehydrogenation technology of
zirconium and zirconium-containing wastes and
followed comminution. Using this method does not lead
to a significant increase in the content of impurities,
does not require significant constructional and
technological ~ changes in magnesium-thermal
technology of recovery of zirconium tetrachloride and
in the process of further processing of sponge zirconium
and the production of zirconium alloys for nuclear
energy.

Based on the analysis of the magnesium-thermal
process of recovery of zirconium tetrachloride, it can be
noted that the main types of waste are chloride
zirconium compounds, which are generated as a result
of such factors as the features of the technology of the
recovery process, deviations of the modes of obtaining
spongy zirconium; violation of storage conditions of
raw materials; as well as metal zirconium waste
generated during the processing of a sponge zirconium
block and as a result of violation of the conditions of the
processes of recovery and vacuum separation.

The main method of processing substandard
materials and waste of magnesium-thermal production
of sponge zirconium can be considered re-chlorination,
purification and recovery, and for high-quality wastes —
iodide refining process.

2. EXPERIMENTAL PROCEDURES
AND DISCUSSION

2.1. HYDROLYSIS OF ZIRCONIUM
CHLORIDES

Hydrolysis of zirconium chlorides use for the
processing of chloride wastes of magnesium-thermal
process of the zirconium production. Hydrolysis is a
chemical reaction in which one substance reacts with
water to produce another.

In order to obtain qualitative raw materials that can
use for chlorination, it is necessary substandard chloride
materials of magnesium-thermal production (residues of
unreacted zirconium tetrachloride, lower chlorides of
the reduction process, and zirconium tetrachloride,
partially damaged, due to improper storage conditions)
to process by hydrolysis by an exothermic reaction:

ZrCl, + H,0 — ZrOCl, + 2HCI. 1)

Hydrolyzed chloride dissolves in water. Then
crystallization of zirconium oxychloride is carried out:
zirconium oxychloride is easily obtained from the
aqueous solution by evaporation and subsequent

crystallization during cooling. After evaporation,
zirconium oxychloride crystalline hydrate is formed
ZrOCIZSHzo

When heated, zirconium oxychloride ZrOCl,-8H,0
can simultaneously be dehydrated and hydrolyzed, and
the rate and degree of the reaction of dehydration and
thermo hydrolysis is determined by the ratio of the
partial pressures of HCI and H,O, temperature and
kinetic regularities. Depending on these factors, the
composition of the intermediate products and the
stagedness of the processes occurring during the heating
of the main chlorides substantially changes.

Research has shown that the resulting crystalline
hydrate should be calcined at a temperature of
300...600 °C and obtaining zirconia (ZrO,) by reaction;

ZrOCl,'8H,0 = ZrO, + 2HCI + 7H,0. (2)

Thus, zirconium dioxide was produced from
chloride waste. The content of impurities in the obtained
zirconium dioxide complies with the requirements for
the quality of the raw materials entering the chlorination
(Table 1).

Table 1
Composition of obtained zirconium dioxide
Impurity wt.% Impurity wt.%
Fe 0.016 Al 0.014
Ti 0.004 Mg 0.05
Si 0.26 Na 0.13
Ca 0.3 - -

Thus, it was found that the processing of chlorine
substandard products of magnesium-thermal production
of zirconium can be accomplished by hydrolysis of
zirconium chlorides with following decomposition of
zirconium oxychloride into high-quality ZrO,.

2.2. HYDROGENATION OF SUBSTANDARD
METAL PRODUCTS

For the successful chlorination of metal remnants
containing zirconium, the raw material must be
comminuting, providing the necessary fractional
composition of the raw material. Zirconium is a
sufficiently hard substance that is difficult to
comminute. And waste and substandard materials, due
to the increased content of impurities, have even higher
strength characteristics.

Hydrogen saturation of zirconium allows the
material to be qualitatively comminuted due to the
effect of zirconium embrittlement and reduces the safety
performance for dry zirconium powders [8, 9].

Saturation with hydrogen makes it possible to obtain
zirconium powders of a wide granulometric
composition.  The  basis of  hydrogenation-
dehydrogenation of zirconium is the ability of hydrogen
to dissolve in the metal, which causes a significant
increase the embrittlement of zirconium when saturated
with hydrogen. The dissolution of hydrogen in
zirconium increases the volume and density of the



material decreases linearly to 4.92 g/cm® [9]. The
process of hydrogenation is a direct saturation of
zirconium with hydrogen, which occurs at temperatures
above 300 °C by reaction:

Zr +H, — ZrH, . (3)

Zirconium materials of various types (sponge, rods,
shavings, etc) can be use to produce zirconium hydride.
Studies have shown that for the process of
hydrogenation of zirconium to be of high quality and
fast it is necessary that the optimal linear dimensions of
the samples should not exceed 50 mm.

Hydration processes were carried out on a laboratory
universal vacuum setup. The prepared material was
loaded to the reactor and heated to 300...600 °C, the
retort was filled with hydrogen, held out and cooled in
an atmosphere of hydrogen. Samples of zirconium with
a mean hydrogen content of 3.2..3.4wt% were
obtained as a result of process of hydrogenation of
zirconium.

Comminuting of zirconium hydride was carried out
in a ball mill, as the simplest of design and maintenance,
and which provides the yield of powder in accordance
with specified conditions. To prevent the contamination
of zirconium by iron and other impurities, the drum is
lined with sheet titanium, and the working bodies are
also used from titanium. Parameters of the laboratory
ball mill: diameter 190 mm, length 320 mm, capacity
91, speed of 60...100 rev/min, diameter of balls
30..50 mm. To prevent the formation of hazardous
concentrations of zirconium dust and zirconium
hydride, the drum was vacuumed to a pressure of
1-10™ mm Hg and filled with argon.

Determination of the influence of the ball load on
the speed of comminuting showed that the most
productive is the work of the mill at a ratio of 2:1
weight of balls and material that is comminuted [10].
The research has established the dependence of the
fractional composition of the zirconium hydride, which
is comminuted, on the ball load. By adjusting the weight
ratio of the balls and the hydride it is possible to achieve
the maximum yield of the given fraction.

Studies have shown that the degree of comminuting
is influenced by the hydrogen content and the duration
of the mill. The effect of hydrogen content in the
hydrogenated material on the degree of its comminuting
(time of comminuting — 40 min) is shown in Fig. 1.
Increasing the hydrogen content in hydrogenated
zirconium increases the yield of fine powder particles.
Using the data shown in Fig. 1, it is possible to
determine the content of hydrogen in zirconium to
obtain the hydride of the required dispersion. This
dependence is characteristic both for pure zirconium
and for zirconium materials of different origin.

The researches have established that significant
influence on the yield of fractions has the duration of
comminuting, with increasing the duration of the
process the yield of fine fractions increase too, however,
it is not possible to achieve a significant increase in the
amount of fine fraction without increasing the hydrogen
content in the comminuting product. In experiments, a
small amount of zirconium was used, so comminuting

was carried out on a dry principle. But in the conditions
of industrial use for the purpose of ensuring fire and
explosion hazard, it is necessary to carry out the
processes of comminuting in a liquid.
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Fig. 1. Influence of hydrogen content in hydrogenated
material on the degree of its comminuting

After comminuting, degassing of zirconium hydride
at a temperature of 750...800 °C was carried out to the
residual hydrogen content, no more than 0.2 wt.%.

Thus, the use of the method of hydrogenation of
metal wastes of zirconium production with subsequent
comminuting and dehydrogenation allows to obtain
zirconium powders of the required dispersion.

2.3. OBTAINING OF ZIRCONIUM
TETRACHLORIDE

Zirconium dioxide chlorination technology is used
to produce zirconium tetrachloride. Chlorination of
zirconium dioxide has high energy consumption, occurs
with heat consumption — for the reaction of interaction
of zirconium dioxide with chlorine it is required
~102 kJ per 1mole of zirconium dioxide. When
zirconium is added to the charge, a large amount of
thermal energy is released, because the reaction of the
interaction of metal zirconium with chlorine is
exothermic and occurs with the release of ~ 863 kJ of
heat per 1 mole of zirconium, which reduces the heat
consumption for the chlorination process.

The reaction

ZI’O2+C+2C12=ZI’C|4+C02 (4)

is endothermic, the thermal effect of the reaction is
determined by the change in the enthalpy of formation
and the heat capacity between the final and initial
compounds, taking into account the temperature
Qreac= -102.303 kJ/mole ZrO,.

The reaction

Zr+2Cl,=ZrCl, (5)

is exothermic, the thermal effect of the reaction is
Qreac = +863.048 k/mole Zr.

The chlorination technology described in [11] was
used to study the process for the production of
zirconium tetrachloride. The charge for chlorination
consisted of zirconium powder, zirconium dioxide,
comminutined to a particle size of 0.1 mm,
carbonaceous reducing agent and alkali metal chlorides.
The mixture thus obtained was placed in a laboratory
installation for chlorination.



The installation for chlorination (Fig. 2) consists of a
chlorinator located in a shaft-type electric furnace, a
chlorine supply system, a charge loading container, a
condenser with a built-in sleeve filter and a receiver
tank for collecting zirconium tetrachloride. Before
chlorination, a mixture of NaCl and KCI salts was
loaded into the chlorinator at 50% of the working
volume, melted and the melt heated to a predetermined
temperature. After heating to a predetermined
temperature, the melt was blown down with chlorine for
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10...15 min, then the mixture, which consist zirconium
dioxide, carbonaceous reducing agent, alkali metal
chlorides and zirconium powder, was charged to the
surface of the melt of alkali metal chlorides, in 100 g
portions every 20 min. Such portions of the mixture
ensured the fluidity of the working melt after loading.
The steam-gas mixture, which is formed and consists of
vapors of zirconium tetrachloride, impurity chlorides of
the accompanying metals and gaseous chlorination
products, enters the condenser, where it is condensed.
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Fig. 2. Scheme of the laboratory installation for chlorination:
1, 14 — electric furnace; 2 — a glass; 3 — chlorinator; 4 — head; 5 — chlorine supply;
6 — mixer; 7 — pipe connection; 8 — heater; 9 — thermocouple; 10 — cuff; 11 — shaker;
12 — sleeve; 13 —filter; 15 — chamber condenser; 16 — receiver

During the chlorination process the temperature in
the chlorinator was determined using a thermocouple,
the chlorine feed rate using a rotameter, the presence of
chlorine in the exhaust gases by the release of iodine
from a marker with potassium iodide, as well as the
mass of obtained zirconium tetrachloride was
determined. The electric power of the furnace was
varied from experiment to experiment, depending on the
content of zirconium in the composition of the charge
and was regulated by changing the supply voltage. After
the completion of the experiment, the supply of chlorine
was stopped, the installation was dismantled, and the
melt with chlorinators was decanted, cooled and
analyzed for the content of zirconium dioxide and other
components. The obtained zirconium tetrachloride was
analyzed for the content of the main impurities.

According to the analysis of the conditions and
processes of chlorination (Table 2), an optimal ratio of
zirconium dioxide, carbon reducing agent, the amount
of chloride salts and zirconium powder was determined
which provide the best yield of the product — 7.5:0.75:
0.75:2, respectively. The previously performed studies
allowed to determine the optimum temperature of the
chlorination process for laboratory equipment, which is
750...800 °C, and the ratio of salts NaCl:KCl = 1:1.
Zirconium dioxide for chlorination processes Nos. 5-7
(see Table 2) was obtained by processing substandard
chloride products of zirconium sponge production. The
chemical composition of the obtained technical
zirconium tetrachloride (TZT) is given in Table 3. The
data given in lines 3-5 of this table are for zirconium
tetrachloride obtained by recycling waste.



Table 2

Conditions and results of chlorination processes

Process Ratio Chlorination | Chlorination Obtained by weight, g Yield,

No. [ZrO,: coke : KCI-NaCl : Zr time, h rate, g/h 7T v in TZT %
1 8:1:1:0 5.50 318.2 1750 684 80.9
2 8:0.8:08:0 8.50 258.8 2207 860 87.3
3 9:1:05:05 11.0 251.2 2762 1081 88.3
4 7:1:05:01 5.50 369.6 2034 795 82.7
5 8:1:05:05 4.67 357.0 1665 652 88.1
6 75:0.75:0.75:2 9.00 285.6 2560 1005 90.5
7 75:08:08:1.8 6.75 259.3 1752 684 924

Table 3
The chemical composition of zirconium tetrachloride
Content of the component, wt.%

N Al Fe Ca si Ti Cr Mg Na C
1 0.016 <0.10 0.019 0.041 0.052 0.0028 <0.01 0.21 0.051

2 0.015 0.098 0.044 0.029 0.011 0.0036 0.0013 3-10 -
3 0.007 <0.10 0.025 0.033 2:10* 0.0031 0.029 0.15 0.062
4 0.0080 <0.10 0.0074 0.014 0.016 0.0096 0.0044 0.064 0.056
5 0.0068 0.091 0.025 0.030 2-10"* 0.0021 0.018 0.17 0.047

From the data given in Table 3 it can be noted that
the use of zirconium tetrachloride produced from
substandard chlorine products of magnesium-thermal
production of spongy zirconium is justified, because it
are of the same quality as zirconium tetrachloride
produced according to the standard procedure. Under
these conditions, it is acceptable to use metallic
substandard products of magnesium-thermal zirconium
sponge production. In addition, the use of fine
zirconium as a thermal additive contributes to a
reduction in the energy consumption of chlorination
[11] and slightly increases the yield of zirconium
tetrachloride (see processes 5-7 in Table 2).

The purification process of zirconium tetrachloride
by sublimation is the next step in the technological
chain after chlorination. The process of sublimation of
vapor of technical zirconium tetrachloride was carried
out through a layer of charcoal. The amount of coal was
10% of the weight of the loaded technical zirconium
tetrachloride to the sublimation reactor. The temperature
at which the evaporation of zirconium tetrachloride
begins is 333°C. Under such conditions, the

sublimation rate reaches 500...550 g/h. The purification
process was carried out until the temperature in the
vapor stream of zirconium tetrachloride began to rise
significantly, and when it reached 500 °C, the
purification process was stopped. The purification was
also carried out through the filter layers of the salt melt
of different composition.

The chemical composition of the obtained purified
Zirconium tetrachloride in comparison with the typical
products of the world-leading manufacturers ATI
(Allegheny Technologies Incorporated), USA [12] and
CEZUS (Areva), France [13] are shown in Table 4. As
can be seen from the table, according to the results of
chemical analysis, the quality of purified zirconium
tetrachloride is acceptable even at the level of world
manufacturers. The quality of zirconium tetrachloride,
obtained by processing substandard products of
magnesium-thermal production of spongy zirconium, is
not inferior, and in some indicators exceeds the purified
zirconium tetrachloride, obtained by conventional
technology. This can be explained by the fact that
substandard products have previously been partially



purified from the main impurities, and their re-purifying
has shown better results. Insignificant excess of some
indicators can be explained by laboratory volumes of

its final yield should increase in the transition to
industrial or semi-industrial production of zirconium
tetrachloride for the needs of magnesium-thermal

production and the imperfection of laboratory zirconium sponge production.
equipment. The quality of zirconium tetrachloride and
Table 4
The chemical composition of purified zirconium tetrachloride
Content of the component in zirconium tetrachloride, wt.%
Impurity From substandard According to the standard
rom substandar ccording to the standar ATI CEZUS
products procedure
Al 0.002...0.0072 0.0020...0.0070 0.005...0.01 <0.0050
Fe 0.0040...0.0056 0.0042...0.0200 0.05...0.1 <0.0040
Si 0.0091...0.0170 0.0120...0.0230 0.0025...0.01 <0.0020
Ti 0.0002...0.0011 0.0002...0.0023 0.0050...0.02 <0.0010
Cr 0.0003...0.0007 0.0003...0.0031 - <0.0010
Mg <0.0010 <0.0010 - <0.0010
Thus, the addition of zirconium powder and 2. M.M. Pylypenko. High pure zirconium // BAHT.

zirconium dioxide obtained after the processing of
substandard products and waste to the charge for
chlorination allows to obtain high-quality zirconium
tetrachloride, which is better zirconium tetrachloride in
some indicators, which was obtained by conventional
technology. In addition, the use of fine zirconium as a
thermal additive reduces energy consumption for
chlorination and slightly increases the vyield of
zirconium tetrachloride.

CONCLUSIONS

Processes of processing of chloride substandard
products of magnesium-thermal production of
zirconium by hydrolysis of zirconium chlorides with
subsequent decomposition of zirconium oxychloride
into high-quality zirconium dioxide ZrO, and
processing of metallic substandard products of
magnesium-thermal  production of zirconium by
hydrogenation and comminuting are investigated. It has
been established that the quality of zirconium
tetrachloride, obtained by processing substandard
products of magnesium-thermal production of
zirconium spongy, exceeds in some indicators
zirconium tetrachloride, obtained by conventional
technology. The results of researches are recommended
for use in utilization of substandard products and waste
of magnesium-thermal production of sponge zirconium.
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IHEPEPABOTKA HEKOHANIINOHHBIX ITPOAYKTOB MAT'HUETEPMHUYHOI'O
INPOU3BOACTBA HUPKOHUS

H.H. ITununenxo, T.b. Anxo, 10.C. Cmaonuk, A.A. /Ipooviuesckan

[IpuBeneHsl  pe3ynbTaThl  WCCIENOBAaHHWA IIEPEpadOTKM  HEKOHIUIMOHHBIX TNPOAYKTOB W OTXO/OB
MarHMeTepMHUIECKOTO MTPOU3BOACTBA I'yOUaTOr0 MUPKOHMS VIS ONIPECIICHUS ONTHMAIbHBIX METOJIOB MEPEpadOTKH
mupkoHus. OmpeneneHbl ONTHMAaNbHBIE METOABI INEpepabOTKH, IO3BOJIAIONIME IIOBTOPHO  HCIIOIB30BaTh
HEKOHJMIIMOHHBIE TPOIYKTHI U OTXOJBl B MpOIlECCe MarHMETEPMUYECKOro MPOM3BOJCTBA T'y04aTOro ITMPKOHHUS C
COJZIEpP>KaHUEM IIPUMECEH Ha YPOBHE MUPOBBIX CTaHAAPTOB.

HNEPEPOBKA HEKOHJIUIIMHUX IMTPOAYKTIB MATHIETEPMIYHOI'O
BUPOBHUITBA IUPKOHIIO

M.M. Hununenko, 1.b. Auxo, I0.C. Cmaonik, A.O. /Ipoouniescoka

HaBeneHo pe3yibTaTH IOCHTIDKEHHS INEpepoOKHM HEKOHAMIIMHUX NPOAYKTIB 1 BiJXOJIB MarHi€TepMiuHOIO
BUPOOHMITBA T'y0OYacTOro IUPKOHIIO Ul BHU3HAYEHHS ONTHMAIIHUX METOJIB IEpepoOKH HUpPKOHIi0. BusnaueHo
ONTHMAJIbHI METOAM NEePePOOKH, 1110 JO3BOJISIIOTH TOBTOPHO BUKOPUCTOBYBATH HEKOHIULIMHHI POIYKTH Ta BIIXOIU
B MpOLECi MarHi€eTepMiuHOrO BUPOOHHUITBA T'y04acTOro LMPKOHIIO 3 BMICTOM JIOMIIIOK Ha pIiBHI CBITOBHX
CTaH/IapTiB.



