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The work studied the possibility of obtaining of the high-purity samples of zirconium and hafnium by the method of zone
recrystallization of round rods with electron-beam heating in a vacuum of 1-10* Pa. Some meltings were carried out in a constant
electric field with the variability of its connection. It is shown that the simultanecous passage of several refining processes
(evaporation of highly volatile metallic impurities, zone recrystallization with directional displacement of impurities to the end of the
sample, electrotransport) made it possible to efficient refining of zirconium both from metallic impurities and from interstitial
impurities. The best degree of purification was achieved when zone melting carrying out in an electric field directed opposite to the
zone movement. In this case, the displacement of interstitial impurity ions coincided with the direction of movement of the liquid
zone. Samples of zirconium with a purity of 99.89 wt. % were obtained (the concentration of aluminum was reduced by 5, iron - 11,
copper - 45, chromium - 75, silicon - 10, titanium - 2.5, oxygen - 3.3, nitrogen - 3, carbon - 2 times). The hafhium samples refined by
the zone recrystallization method were characterized by a purity of 99.85 wt. %. The concentrations of both all metal impurities and
interstitial impurities were significantly reduced (concentration in wt% oxygen was 0.011, carbon - 0.0018, nitrogen - 5-107).
A study of gas evolution from samples of iodide hafnium and refined hafnium was carried out. It was found that the maximum gas
release peak fell on the temperature range of 500 ... 550 °C. The use of an integrated approach, including high-temperature heating,
stages of zone melting at different rates, and thermal cycling in the range of the polymorphic transformation temperature, made it
possible to obtain single-crystal hathium samples. According to X-ray diffraction data, the parameters of the hafnium crystal lattice
were determined: a=(0.31950+5-10°) nm and c¢=(0.50542 +5-10°) nm (at 298 K), which corresponds to the density
p = 13.263 g/cm® and axial ratio c/a = 1.5819.
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In the next 30 years, the thermal neutron reactors will continue to occupy a dominant position among nuclear
power units. The basic material for the active zones of such reactors are zirconium-based alloys, which have an
optimal combination of nuclear, corrosion, mechanical, thermal and other physicochemical characteristics. An
improvement of zirconium materials will increase the efficiency of existing power units, increase the depth of fuel
burnup, extend the design life, ensure operational reliability and safety [1, 2]. The industrial production of zirconium
(Zr) has led to an increase in the production of hafnium (Hf). A great deal of experience has been accumulated in the
chemical separation of zirconium and hafnium, the technology of manufacturing materials with the required physical
and mechanical characteristics has been improved, statistics have been accumulated on the duration of operation and
the evolution of the properties of products operating in the cores of nuclear reactors.

Zirconium and hafnium belong to the elements of IVB group of Mendeleev's periodic table. The chemical
properties of these metals are very similar, but the main applications in reactor construction are not the same due to the
different neutron-physical characteristics. Hafnium is characterized by a high thermal neutron absorption cross section
(105 + 5 b), which is three orders of magnitude higher than that of zirconium. Under radiation exposure, the hafnium
absorption cross section decreases very slowly. This is due to the isotopic composition of hafnium and the peculiarities
of isotope transmutation in the neutron flux. Therefore, it finds application in the manufacture of controls for control
and protection systems of reactors. Hafnium has good mechanical and corrosive properties over a wide temperature
range [3].

The interstitial and metallic impurities (O, C, Si, P, Mg, K, Ca, Cl, F, Ni, H, etc.) have a negative effect on the
structure and properties of zirconium and hafnium even in small amounts. This can lead to a change in mechanical
and corrosion characteristics, as well as to changes in deformation and heat treatment modes. Therefore,
experimenters are always interested in obtaining high-purity metal samples. The study of the characteristics of such
samples makes it possible to more correctly assess the physical and mechanical properties associated with an own
nature of metals.

The crystallization processes from melts are one of the main methods for refining metals and obtaining single
crystals. They are used at the final stage of cleaning to remove small concentrations of impurities. Since zirconium and
hafnium are characterized by high melting points and chemical activity, special physical purification methods are
required. The conducting of zone melting in a vacuum allows cleaning both as a result of the zone separation of
impurities and as a result of the evaporation process of impurities having a high saturated vapor pressure at the melting
point of the base material.

The article discusses the possibilities of effective refining of zirconium and hafnium by the zone recrystallization
method, including the use of electrotransport, the results of studies of the obtained samples are presented.
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MATERIALS AND METHODS

In the presented work, the process of refining zirconium and hafnium was carried out by the zone recrystallization
method, including in an electric field, on a crucibleless electron-beam zone melting facility in a vacuum. A description
of the process and experimental setup was presented in detail in an article [4].

The starting materials for the experiments were zirconium with a purity of 99.7 wt. % and hafnium with a purity of
99.58 wt. %, obtained by the method of industrial iodide refining. The results of the content of impurities were obtained
by laser mass spectrometry using an EMAL-2 analyzer. The limiting sensitivity of the analysis method for metal
impurities was ~ 107...10° at. %.

The use of the LECO TC-600 gas analyzer made it possible to determine the content of nitrogen and oxygen in the
samples with an accuracy of 5-10® at.%. The device was calibrated with certified LECO samples.

The visual inspection of thin sections was carried out using an MMP-4 microscope. The microhardness was
measured on a PMT-3 microhardness meter at loads of 0.05 and 0.1 kgf. The value of the microhardness numbers was
recorded by ten measurements, the error did not exceed 5%.

ZONE RECRYSTALLIZATION METHOD
The principle of zone refining is based on the practical use of the phenomenon of different solubility of impurities
in the liquid and solid phases of the base material [S]. An important characteristic in the process description is the
impurity distribution coefficient is k, which is the ratio of the impurity concentration in the solid phase Cs to the
concentration in the melt C;:

k=Cg/C, . Q)

It is distinguishing between the concepts of equilibrium distribution coefficient k) and effective distribution
coefficient k.. When solving most problems, the equilibrium coefficient &y is determined from the “base-impurity” state
diagrams or by the ratio of the maximum solubility of an impurity to its concentration at the point of invariant
transformation [6,7]. However, with such estimation methods, ky values can be calculated only in the case of a
significant concentration of impurities in the base material.

When calculating the equilibrium distribution coefficient ky in the case of low impurity concentrations it is
convenient to use the theoretical methods of calculations based on the thermodynamic constants of the equation of ideal
solutions. According to this concept it be can use a special case of the Schroeder — Le Chatelier equation for refractory
metals [8]:
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where 4H; is the molar heat of fusion of the i-th impurity (J/mol), R is the universal gas constant (R = 8.314 J/mol-K),
T, is the melting temperature of the basic substance (77 = 2125 K; Ty =2 500 K), T is the estimated value of the
melting temperature of the base-impurity alloy, which is selected from the state diagram "base metal - impurity".

For phase diagrams characterized by a continuous series of solid solutions, peritectic-type diagrams throughout the
concentration range, as well as for impurities whose diagrams with the base metal are unknown, 7¢; is chosen equal to
the melting temperature of the impurity element. In the case of phase diagrams with a number of eutectic and peritectic
transformations value 7Tg; is selected in order to meet the minimum transformation temperature of eutectic or peritectic
type.

When conducting zone melting process, moving crystallization front pushes dissolved impurity faster than it can
evenly distribute in the melt. Before crystallization front occurs, enriched impurity region called the diffusion layer. The
diffusion layer thickness J is dependent on the impurity diffusion capacity, the melt viscosity, the nature of the fluid
motion, and the crystallization speed and it can be changed depending on the conditions of the melt mixing. The more
intensive the stirring, the thinner the diffusion layer adjacent to the crystallized metal. The layer thickness & can vary
from 107 cm with vigorous stirring to 10-! cm with weak stirring.

Therefore, the main characteristic of the zone separation is the effective distribution coefficient k.;, which for
the i-th impurity can be calculated using the Barton-Prim-Slichter relation:

. ! 3)
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where v is the zone speed, 9 is the diffusion layer thickness, and d is the impurity diffusion coefficient in the melt [5].
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The value of the impurity diffusion coefficient d for most cases is in the range from 10 to 10 cm?/s. The width
of the diffusion layer ¢ in the case of moderate mixing of the melt in the liquid zone is assumed to be 0.01 cm.
Therefore, d/d =~ 200 s/cm. The ratio vd/d is called the reduced crystallization rate (it is a dimensionless quantity).

When zone melting of refractory metals is carrying out in vacuum, in addition to cleaning the material as a result
of zone redistribution, refining also occurs due to the evaporation of impurities having a high saturated vapor pressure at
the melting point of the base material. Thus, at the melting temperature of zirconium (72 = 2125 K) or hafnium
(Tyr= 2500 K), one should expect a decrease in the concentration of a number of metallic impurities (Al, Ca, Cu, Fe,
Mn, Ni, Si, Ti, etc.). The reduced evaporation coefficient g; for the i-th impurity (it is a dimensionless quantity) can be
expressed by the formula:

2a,y,p;Vl
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g iz 4
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where o; is the Langmuir coefficient; p’ is the saturated vapor pressure at a melting temperature, torr; v; is the activity
coefficient; A4; is the atomic weight in the condensed phase; #; is the number of atoms in a vapor molecule; V' = Ay/p; -
atomic (molar) volume of the main component; r is the radius of the molten zone, / is the length of the zone, and v is the
velocity of the zone [9].

After several passes of zone melting with a low speed of zone movement (1 or 2 mm/min), in the middle part of
the refined sample a region of quasi-stationary concentration is established. The concentration of the i-th impurity after
the n-th number of passes C,; in the quasi-stationary region is related to the initial concentration of C,; by the ratio,
which is valid only when considering the case of low concentrations of impurities:

n
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The passing of a direct electric current through the metal sample leads to the displacement of both matrix ions and
impurity ions to the anode or cathode. The current passing through the phase boundary changes the value of the effective
distribution coefficient ke due to the addition of the electric transport component to the diffusion flux. In the case of zone

melting in an electric field equation (3) for the effective impurity distribution coefficient k.;’ takes the form:
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where D; is the diffusion coefficient of the impurity ion; v'is the speed of movement of the impurity ion.

RESULTS AND DISCUSSION

To obtain high-purity samples of zirconium or hafnium the method of vertical crucibleless zone melting (ZM) of
round rods in a vacuum of 1-10** Pa with electron-beam heating was chosen. The advantages of this technique include:
the ability to grow single crystals of refractory metals and alloys with a melting point above 2000 K, no crucible,
creation of a narrow heating area by focusing the electron beam, high specific power concentration [10].

The process of cleaning of metals was carried out in several stages. After the initial billet was heated (for the
purpose of degassing) and carrying out the ZM at different speeds (from 16 to 1 mm/min), the samples were obtained in
the form of cylindrical rods with a length of 100 to 300 mm and a diameter of up to 10 mm (Fig. 1).
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Figure 1. The samples of zirconium before (a) and after (b) zone recrystallization

Calculations of the equilibrium coefficient ko; and effective distribution coefficient ke allowed us to conclude that
when carrying out the zone melting, due to the different solubility of impurities in the liquid and solid phases of
zirconium, it is possible to carry out refining from the majority of metallic impurities (Al, Be, Fe, Ca, Si, Mn, Cu, etc.).
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Small amounts of these impurities lower the melting point of zirconium, and for them ky; < 1 [11]. For effective refining
of zirconium from metal impurities with k.; < 1, two or three passes of the zone melting with a low speed v =2 mm/min
are sufficient (Table 1).

The estimates of the values of the reduced evaporation coefficient g; and the assumed concentration of impurities
C,; in the quasi-stationary region were carried out for the stages of zone melting at different rates according to formulas
(5) and (6). The performed calculation of C,; for a speed of 2 mm/min showed that those impurities for which g;> 1.2
will be effectively removed during the evaporation process (Al, Be, Ca, Si, Cu, Mn, Pb, Cr).

Also Table 1 shows the calculations of the equilibrium distribution coefficient kg, taken from the article [12].

Table 1. The calculated values of equilibrium coefficient ko; and effective distribution coefficient ki, reduced evaporation coefficient
gi, assumed concentration Cy for the i-th impurity in Zr, and results of chemical analysis of zirconium samples after zone melting

Element Co, koi ko.1im [12] ki &i . i}gszgtsezvti‘glo an(ajl{l;sriii(;ier
wt. % ! o “ at v=2 mm/min V=2 mm/min M
Zr 99.7 1 1 1 2.2:10° - 99.87
Al 2.2-10* 0.46 <0.42 0.62 7.21 14-10°6 7-10°°
Be <1-10° 0.60 <1 0.74 5.35 1.5-107 <1-10°
Hf 0.075 1.23 >1 1.1 8-10°® 0.075 0/052
Fe 8.5-1073 0.54 0.27 0.70 0.21 0.005 7,5-10*
Ca 2-107 0.62 - 0.76 118.4 810710 1,3-10°3
Si 2.3-10* 0.43 <1 0.59 7.07 1.4-10°¢ 7-10°7
Mn 45107 0.68 <1 0.80 144.4 1.4-10° <5-10°¢
Cu 9.5-10* 0.54 0.101 0.70 1.34 1-10 <1-10°
Mo <6-10° 0.77 0.392 0.87 8.7-10°% 6107 <6-107
Ni 4-1073 0.49 <1 0.65 11.46 1.1-10° 21073
Nb <5-10° 0.92 0.634 0.95 5.5-10° 5-107 <5-10°
Pb <1-10* 0.50 <1 0.66 74.37 7.7-10° <1-10*
Ti 5-10% 0.83 <1 0.90 0.001 5-10* 5-10%
Cr 3.5:10°3 0.68 <1 0.80 5 6.5-10° 5-10°

In order to obtain large metal grains, the experiments were carried out using slow heating and cooling of the ingot
(stage of thermal cycling) in the range of polymorphic transformation temperature, which for zirconium is 1138 K.
Thermal cycling was carried out for 4...6 hours. Metallographic studies showed the presence of large metal grains with
sizes from 5 to 10 mm. The use of a complex purification procedure, including preliminary heating, stages of vacuum
zone melting and thermal cycling, made it possible to obtain samples of zirconium with a purity of 99.87 wt. %.

The concentration of impurities was significantly reduced (for example, the concentration of Hf decreased by 1.5,
O —by 2.7, C — by 1.6 times, metal impurities — by 1.5...700 times) (Table 1).

The study of the possibility of zirconium refining by the method of vacuum electron-beam melting was also
carried out in an electric field (ZMEF method), included both in the direction of the zone melting and against the
course of the zone. The process of directional bias of interstitial impurities during electrotransport takes place
actively both in the B-phase and in the molten metal zone. When the field was connected against the course of the
melting, the ions of interstitial impurities, characterized by a negative value of effective charge of the impurity ion
Z*, were displaced to the positive pole (anode) (according to the results of work [13]). Moreover, in this case, the
movement of ions coincided with the direction of movement of the liquid zone. This significantly increased the
efficiency of refining by the ZMEF method. In work [14], the parameters of the ZMEF process were calculated for
interstitial impurities: the values of the impurity ion mobility U, the diffusion coefficient D, the movement velocity
of the impurity ion v/, the effective impurity distribution coefficient k.". In carrying out the calculations, the values of
the melting parameters were used: the electric field strength E = 0.013 V/cm, the melting speed
v =10.066 cm/s (Table 2).

Table 2. The results of calculating the parameters of the ZMEF process for interstitial impurities in zirconium

Impurity Z'13] U’z 10%, D. 120_6’ V'), 10, ke _-k’e_. _,k'e_,
cm*/(V-s) cm?/s cm/s at ZM ENtv E1lv

o -1 1.8 3.3 2.34 1.15 1.01 0.99

C -0.2 0.9 8.25 1.17 0.95 0.96 0.95

N -0.7 1.2 3.14 1.56 1.03 1.01 0.99
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The refining of zirconium from gas-forming impurities took place at various stages of the experiments. Thus,
hydrogen was evaporated in the form of gaseous molecules (H», H,O) during preliminary heating and melting at a high
speed. The carbon was volatilized as CO and CO, molecules. The refining process also took place due to the
displacement of metal carbides into the end of the ingot. Nitrogen was evaporated in the form of N, gas molecules
during high-temperature heating and zone melting. A decrease in the oxygen content occurred at the stages of heating
and ZM as a result of the formation of gaseous molecules (CO, CO», H,O). Oxygen removal could also occur due to the
displacement of refractory oxides (for example, ZrO,, HfO,) during recrystallization to the end of the sample. In the
purest samples of zirconium, the concentration of oxygen was reduced by 3.3, nitrogen — 3, carbon — 2 times. The
results of the analysis of the elemental composition showed an insignificant content of a number of metallic impurities
in the refined ingots, which were removed during the simultaneous passage of the processes of evaporation, zone
recrystallization and melting with electric transfport. Thus, the concentration of aluminum was reduced by 5, iron — 11,
nickel — 2, copper — 45, chromium — 75, silicon — 10, titanium — 2.5 times. There was a slight decrease in the
concentration of hafnium (from 0.075 to 0.05 wt %). The content of molybdenum and niobium after heats did not
change and remained at the level of 2-10* and 1-10* wt.% respectively. The purity of the refined samples was
characterized by a value of 99.89 wt. % by zirconium content.

When carrying out a cycle of works on zone recrystallization of hafnium, the coefficients ky; ke g, Cyi, k' Were
calculated using formulas (2-5) (Table 3). A detailed description of the calculations was given in the articles [15, 16].
Also Table 3 shows the calculations of the equilibrium distribution coefficient &y, taken from the the article [12].

Table 3. The calculated values of equilibrium coefficient ko; and effective distribution coefficient & «;, reduced evaporation coefficient
gi, assumed concentration Cy; for the i-th impurity in Hf, and results of chemical analysis of hafnium samples after zone melting

Cy g C,; after two | Chemical
Element oi; koi koiim [12] kei at v=2 passes with | analysis after

wt. % mm/min | v=2 mm/min M
Hf 99.58 1 1 1 0.001 - 99.75...99.8
Zr 0.23 0.85 0.73 0.91 0.0099 0.225 0.21
Al 0.003 0.42 0.71 0.58 402.8 6.3-107 <1-10°
W 0.0002 0.81 0.49 0.89 2.8:107 0.0002 0.00013
Fe 0.007 0.68 0.12 0.80 11.45 3-10°° 4-10*
Ca 0.01 0.58 - 0.72 1502 2.3:10° <7-10°¢
Si 0.004 0.26 0.42 0.40 89.72 7.9-10°8 <4-10°
Mg 0.003 0.47 - 0.63 3.85-10* 810713 <5-10°¢
Mn 0.0003 0.64 0.29 0.78 3.84-10° 1.2:101 <1107
Cu 0.002 0.53 - 0.68 95.44 1-107 1-107
Mo 0.07 0.80 0.71 0.88 7.7-107 0.069 0.02
Ni 0.01 0.53 0.05 0.68 11.17 3.3-107 1-104
Nb 0.006 0.91 0.70 0.95 8.8-10+ 6:1073 0.004
Ti 0.003 0.76 0.66 0.86 1.37 4.4-10* 2-10*
Cr 0.003 0.66 0.74 0.79 79.13 2.9-107 <2:10°

It was found that for the refining of hafnium, the zone melting method will be most efficiently applied when several
stages of experiments are carried out sequentially, namely: 1) high-temperature heating, 2) zone melting at a big speed (16
or 8 mm/min) to remove highly volatile metallic impurities, 3) melting at a low speed (2 or 1 mm/min) for the display of
the effect of impurity displacement of together with the movement of the liquid zone, 4) thermal cycling in the temperature
range of polymorphic transformation. All operations must be carried out in a vacuum of at least 1-10* Pa.

Zone recrystallization made it possible to obtain hafnium samples with a purity of 99.88 wt. %. The oxygen and
carbon concentrations were lowered 1.5 times (from 0.03 to 0.02 wt. % in oxygen, from 0.04 to 0.022 wt. % in carbon),
zirconium - from 0.23 to 0.065 wt. %.

The use of the MX 7304A mass spectrometer made it possible to study the outgassing from hafnium iodide and
refined hafnium samples (the weight of the samples was 0.93 g). The experiments had shown that the maximum peak of
gas release was in the temperature range of 500...550 °C. In this temperature range, the total gas pressure during heating
of the refined sample was observed to be 10 times lower than during heat treatment of hafnium iodide (Fig. 2).

The change in the partial pressure of gases released from the hafnium iodide sample is shown in the diagram
(Fig. 3, a). In the experiment, the amount of evolved gas in relation to the chamber volume was 0.0063 %. When the
sample was heated to a temperature of 300 °C, there was a slight increase in pressure, which is explained by the
degassing of the original sample; gas evolution with a mass number of 18 (water vapor) prevailed. When heated from
300 °C to 550 °C, the pressure increased due to the activation of the process of gas evolution with mass numbers 18
(H20), 28 (carbon monoxide CO and nitrogen N), 44 (carbon dioxide CO,). When heated above 700 °C, the total gas
pressure stabilized at the level of 1.2:10° mm Hg.
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0 200 400 600  800T,°C

Figure 2. Gas evolution from samples of initial hathium iodide (1) and refined hafhium (2)

The gas evolution from a sample of refined hafnium under heating is insignificant (total pressure P = 3-10° mm Hg).
The distribution of the partial pressure of gases is shown in Fig. 3, b. When heated to a temperature of 350 °C...400 °C,
some activation of the process of gas evolution with a mass number of 18 (H,O) was observed.

The study of gas evolution made it possible to optimize the temperature regime of the stage of preliminary heating
of the hafnium sample. It is recommended to carry out heating in the range from 400 °C to 600 °C.
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Figure 3. Partial pressure of gases released from samples of hafnium iodide (a) and refined hafnium (b), with mass numbers:
1) 18 (H20), 2) 28 (N2, CO), 3) 44 (CO2)

Vickers microhardness measurements of the samples showed that if for the initial hafnium iodide
H, =2700...2850 MPa, then for the sample after zone melting with a high speed H, = 2050...2200 MPa, for the sample
after two passes at a speed of 2 mm/min the value decreased to H,, = 1200...1400 MPa.

The refining of hafnium by the ZMEF method was carried out with a variability of connection (in the direction and
against the movement of zone melting). Samples were cut from the purest part of the refined ingot 100 mm long for
testing. The results of chemical analysis of refined hafnium samples indicate an insignificant content of Al, Ca, Cu, Si,
Ti, which were removed during the joint passage of the processes of zone recrystallization and evaporation. The
concentration of iron was significantly reduced at the stages of zone melting (Table 4) [16].

Table 4. Results of chemical analysis of hatnium samples

Concentration of a chemical element, wt. %
Hf Zr o N C Al Fe Ca Cu Mo Si Ti
Hafnium iodide | 99.58 | 0.23 | 0.03 [0.003 | 0.04 | 0.003 | 0.007 | 0.01 |0.002 | 0.07 | 0.004 | 0.003
Hf after ZM 99.75| 0.21 | 0.02 |4-10* [0.022 | 1-10° | 410*|7-10° | 1-10° | 0.02 | 4107 | 2-10*
Hf ZMEF Et1¥ | 99.81| 0.17 [0.013 |8:10% |0.0021 |<2:10°| 5-10° |<3-10 |<3-10° | 0.01 |<I-10%(<5-10°
Hf ZMEF Et|¥ | 99.85| 0.12 [0.011 |5-10° |0.0018 |<2:10°| 2-:10* |<3-10 |<3-10 | 0.008 | <1-10%(<5-10"

Materials

In this work, the special attention was paid to the study of the distribution of interstitial impurities in hafnium after
various stages of melting. Refining is especially effective when melting in an electric field coinciding with the direction
of zone movement. The simultaneous passage of refining processes (evaporation of highly volatile impurities in
vacuum, zone recrystallization, electrotransport) significantly increased the efficiency of hafnium purification from all
types of impurities. High-purity hafnium samples with a low content of interstitial impurities were obtained. The
oxygen concentration was 0.011, carbon - 0.0018, nitrogen - 5-10 wt %.
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In Fig. 4 (a, b) it is can see a zone with a low concentration of oxygen and carbon (within 20...60 mm along the
length of the ingot), closer to the end sections is slightly higher concentration. The redistribution of oxygen along the
length of the ingot indicates the effect of an electrotransport. A significant decrease in the concentrations of carbon and
nitrogen after ZMEF occurred as a result of evaporation and displacement during recrystallization (Table 4).
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Figure 4. Dependence of the microhardness of hafnium on the impurity concentration after the ZMEF
for: a) oxygen, b) carbon. The directions of the zone melting and the electric field coincided

The value of microhardness directly depends on the concentration of interstitial impurities (the minimum of
microhardness falls on the minimum concentrations), and this dependence is most characteristic in relation to oxygen,
the content of which is much higher than that of carbon and nitrogen. So, the minimum value of microhardness
H, = 1460 MPa was observed at an oxygen concentration of 0.008 wt. %.

In order to obtain large grains of hafnium, experiments were carried out using slow heating and cooling of the
ingot in the range of the polymorphic transformation temperature of 2033 K (thermal cycling stage). The experiment
was carried out for 4...6 hours. Metallographic studies showed the presence of large grains up to 25 mm long, elongated
along the ingot. By the method of electrical discharge cutting an ingot of hafthium was divided into cylindrical columns
with a length of 10...12 mm and a diameter of 8...10 mm. The ends of the samples were ground and etched to reveal the
microstructure. The optical method using an MMP-4 microscope was used to visually study thin sections and
photograph the grain structure.

The orientation of the single crystals with the separation of hcp lattice directions [0001] , [1 OTO] was carried out on
diffractometer DRON-1.0. The orientation accuracy was within + 1.5, the crystal mosaic was + 4"...5". Single-crystal
samples had an arbitrary shape with a thickness of ~3 mm along the selected crystallographic directions. The
parameters of the crystal lattice of hafnium were determined from x-ray diffraction data: @ = (0.31950 = 5-10-°) nm and

¢=1(0.50542 +5-10°) nm (at 298 K), which corresponds to a density p=13.263 g/cm® and an axial
ratio ¢/a = 1.5819 [17].

CONCLUSIONS

The work investigates the possibilities of effective refining of zirconium and hafnium by the zone recrystallization
method, including the experiments in an electric field. It is shown that zone melting with the variability of connecting
the direction of the electric field makes it possible to obtain refined samples with a reduced content of metal and gas-
forming impurities. The best degree of purification was achieved when zone melting took place in an electric field
directed opposite to the movement of the zone. As a result of the experiments, zirconium samples with a purity of
99.89 wt. % and hafnium with a purity of 99.85 wt. % were obtained. The use of an integrated approach to refining
made it possible to obtain and study single-crystal samples of hafnium.
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30HHA MEPEKPUCTAJIIBAIISA IUPKOHIIO TA TA®HIIO
0.€. KoxxeBniko, M.M. IInimmnenko, M.®. KokeBHikoBa
Hayionanenuii naykosuii yenmp «Xapxiscokuil @izuxo-mexuiunuil incmumymy, HAHY
8yn. Axaoemiuna, 1, 61108, Xapxis, Yxpaina

B po6oTi BUBYEHO MOJIMBOCTI OTPHMAaHHS BHCOKOUYHCTHX 3pa3KiB IUPKOHIIO Ta TadHil0 METOIOM 30HHOI IepeKpHcTaii3amil
KPYIJIMX CTPUKHIB 3 €JIEKTPOHHO-IIPOMEHEBMM HarpiBoM y Bakyymi 1-10* ITa. Yactuna ruiaBok Oyjio IPOBENEHO B MOCTIHHOMY
SJIEKTPUYHOMY IIOJNI 3 BapiaTHBHICTIO Horo minkitoueHHs. [loka3zaHo, IO OJHOYACHE IPOXO/KEHHS IEKIIBKOX padiHyHOUHX
mpoteciB (BUIIAPOBYBAHHSI JIETKOBUAATIEMUX METAJICBUX JOMIIIOK, 30HHA MEPEKPUCTANI3ALlis 31 CIIPSIMOBAHUM 3MIIIEHHIM JIOMiLIOK
B KiHIIEBY YaCTHUHY 3pa3Ka, eJIEKTPOIEPEHOC) T03BOIMIN MPOBECTH e)eKTUBHE padiHyBaHHS UPKOHIIO K BiJ METaJIeBUX JOMIIIOK,
TaK i BiJ JOMIIIOK BIpoBapKeHHs. Halikpamioi cTymeHi OuHumIeHHs OyJo MOCSATHYTO HpPH IIPOBEACHHI 30HHOTO IUIABJICHHS B
CJIEKTPUYHOMY II0JIi, HATIPaBJICHOMY IPOTHIIC)KHO PyXy 30HH. B 1IboMy BUIaAKy 3MillleHHS 10HIB JOMIIIOK BIIPOBaLKEHHS 30iragocs
3 HaNIpsIMKOM MepecyBaHHS pifkoi 30HK. Byio oTpumaHo 3pa3ku HMpPKOHI0 3 4ucToToo 99,89 Mac. % (KOHLEHTpamis aloMiHiI0
OyIo 3HIKEHO B 5, 3amiza - 11, mini - 45, xpomy - 75, kpemHito - 10, Tutany - 2,5, kucHio - 3,3, a3oty - 3, Bymiemoo - 2 pasu).
PadinoBani MeTo0M 30HHOI NIEepeKpHCTAali3aLil 3pa3ku TadHIiI0 XapaKTepu3yBaIrcs YucToToo 99,85 mac. %. Byino 3HauHO 3HMKEHO
KOHILIEHTpalii K yCiX MeTaJeBUX JOMIIIOK, TaK i JOMIIIOK BIIPOBaKeHHs (KOHLEHTpallis B Mac.% kucHio ckiana 0,011, Byriemnto -
0,0018, asory - 5:10). IIpoBeaeHO AOCHiIKEHHs Ta30BUAIIECHHS i3 3pa3KiB HomimHoro Ta padinosaHoro rairo. 3'acoBaHo, LI0
MaKCUMaJbHHUI MK ra3oBHIUICHHS OpunagaB Ha TemmepaTypHuil intepBan 500...550 °C. 3acrocyBaHHS KOMIUIEKCHOTO MiIXOAY,
SKUH BKJIIOYa€ BHCOKOTEMIICPATYPHUH HMPOIpPiB, €TalM 30HHOTO IUIABJICHHS 3 PI3HOIO IIBMAKICTIO i TEPMOLMKIIOBaHHA B 00JacTi
TEMIIEPaTypH MOJMIMOPPHOTO MEPETBOPEHHS, IO3BOJWIO OTPHMAaTH MOHOKpHCTaNi4HiI 3pasku radHiro. Ilo pesyiapraTtam
PEHTTEHOCTPYKTYPHOTO aHaidy OyJi0 BM3HAYEHO IApaMETPH KpHMCTaNiuHOi pemnitknm radmito: a = (0,31950+5-10°) mm i
¢=(0,50542+5-10"5) um (mpu 298 K), o Bianosixae miinsuocti p = 13,263 r/cm® 1a 0cboBOMY criBBifHOMmEHHO ¢/a = 1,5819.
KJIIOYOBI CJIOBA: nmpkoniii, radHilf, 30HHa HMEepeKpHUCTANI3allisl, eJIEKTPOIEPEHOC, TEPMOUUKIIIOBAHHS, JOMIIIKOBUH CKIIAJ,
MIKPOTBEPAICTb.



