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The physical substantiation of titanium refining by crucibleless electron beam zone melting (ZM) method in
vacuum was presented. Calculations of the equilibrium, limiting and effective distribution coefficients for impurity
elements in the base metal were carried out. The refining of titanium was studied experimentally, and samples with a
purity of 99.92 wt.% were received. The total content of impurities was reduced by a factor of 1.5 (from 0.12 to
0.08 wt.%). The concentration of interstitial impurities was significantly reduced (oxygen — by 1.3; carbon — by 2;
nitrogen — by 2.5 times). The structure and microhardness were investigated.

INTRODUCTION

The introduction and use of highly efficient fuel
cycles at operating nuclear power plants with
pressurized water reactors (WWER) has contributed to
an increase in the operation duration of hull equipment
and fuel elements, an increase in fuel burnup and steam
content of the coolant. The resource and safety of
nuclear reactors are determined by the characteristics of
the materials used. Zirconium, hafnium, titanium, and
also alloys based on them are widely used as structural
and absorbing materials in thermal-neutron reactors.

Titanium and its alloys are used in pipes of heat-
exchange equipment, steam generators, feed pipes and
collectors of transport systems, parts for internal
saturation of pipe systems, and turbine blades. An alloy
of titanium and 20% zirconium is a promising material
for the manufacture of WWER vessels [1].

Titanium is necessary components to produce low-
activity alloys for nuclear energy of present and future.
For example, the V-Ti-Cr alloys are the most promising
as structural materials for fast reactors, possessing a low
level of induced radioactivity and its rapid decline. The
activation level of these alloys will be depending on
impurity contents in alloys [2].

Due to the advancement in the field of aircraft and
rocket production of titanium and its alloys are
intensively developed. This is due to the combination of
such valuable properties of titanium as low density, high
specific strength, corrosion resistance, processability
during pressure treatment and weldability, cold
resistance, non-magnetic properties, and a number of
other specific physical and mechanical characteristics.

The properties of titanium depend significantly on
the content of impurities in the metal. Although the
impurities increase the strength, at the same time, they
sharply decrease the plasticity, and the most severe
negative effect is caused by interstitial impurities. With
the introduction of only 0.003% hydrogen, 0.02%
nitrogen, or 0.7% oxygen, titanium completely loses its
ability to plastic deformation and breaks down brittle.
Carbon, iron, and silicon should also be included among
the impurities harmful to the plasticity of titanium.
Impurities such as nitrogen, oxygen and carbon raise the
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temperature of titanium allotropic transformation, while
iron and silicon lower it. The resulting effect of
impurities is expressed in the fact that technical titanium
undergoes allotropic transformation not at a constant
temperature (882 °C), but in the temperature range
(865...920 °C) with the content of oxygen and nitrogen
in the amount not exceeding 0.15 wt.%. Under neutron
irradiation of titanium alloys, embrittlement increases
with an increase in the content of oxygen, nitrogen and
hydrogen in the alloy. Therefore, the content of
impurities, especially gases, in titanium and titanium
alloys is strictly limited [3].

To increase the hydrogen resistance of titanium and
its alloys for nuclear power, as well as to improve the
characteristics of the NT-47 superconducting alloy for
the international experimental thermonuclear reactor
ITER, it is necessary to increase the requirements for
the purity of raw materials through the use of spongy
titanium of increased purity and/or iodide titanium.
The iodide refining method allows to be purified
titanium from nitrogen, hydrogen, oxygen, carbon and
other impurities, using waste and production turnover as
raw materials. Integral purity of iodide titanium can
reach 99.9%.

The purpose of this work was the computational and
experimental studies of the process of titanium refining
by crucibleless zone melting (ZM) in vacuum.

1. PHYSICAL SUBSTANTIATION
OF REFINING OF TITANIUM
BY ZM METHOD

1.1. CALCULATION OF THE REFINING
PROCESS USING THERMODYNAMIC
PARAMETERS

ZM is one of the most effective methods of metal
refining. The method is based on the practical use of the
phenomenon of different solubility of impurities in the
solid and liquid phases of the main component [4].

The characteristic parameter of the ZM process is
the distribution coefficient, which represents the ratio of
the impurity concentration in the solid phase Cs to the
concentration in the melt C;:



k= CS / C|_. (1)

The numerical value of the distribution coefficient
depends on several factors: the disposition of the phase
diagram formed by the main component and the
impurity, the solidification conditions, the movement
velocity of the molten zone, the intensity of mixing, etc.
If k < 1 the solidifying material becomes cleaner and the
melt is saturated with the impurity.

There are differences between the concepts of the
equilibrium distribution coefficient k, and effective
distribution coefficient k.. The equilibrium coefficient kq
is usually determined from the “base-impurity”
diagrams of the state with respect to the segments of the
horizontal lines from the temperature axis to their
intersection with the solidus and liquidus lines. It is
assumed that ko, does not depend on the impurity
concentration in the main material and on the
temperature. The exact calculation of k, on the basis of
the phase diagrams is rather limited, since ZM process
is used mainly for purification from small impurity
concentrations, and the available phase diagrams are not
accurate enough in this concentration range. Therefore,
the calculation of the equilibrium coefficient should be
considered only as an indicative estimate of the value.
In practice, the value of k, can be achieved only if the
zone moves very slowly.

When carrying out the ZM process, it is necessary
that the rate of crystallization be greater than the
diffusion rate of the impurity in the solid phase of the
base material, but also does not exceed some optimal
value. In this case, the moving crystallization front
repels the dissolved impurity faster than it can evenly
distribute in the melt, and an impurity-enriched region
called the diffusion layer appears before the
crystallization front. The width of the diffusion layer
depends on the diffusion ability of the impurity, the
viscosity of the melt, the nature of the fluid motion, the
rate of crystallization.

Therefore, the main characteristic of the zone
impurity separation is effective distribution coefficient
ke, which can be expressed by the Burton-Prim-Slichter
formula [4]:

k
ke = e ?)

ko+(1-ky) €

where v is zone speed; ¢ is the diffusion layer thickness,
and d is the diffusion coefficient of the impurity in the
liquid.

Ratio vo/D is called as the reduced rate of
crystallization (it is dimensionless quantity). For most
metals the value of the diffusion coefficient D is
5-10"° cm?/s approximately. The width of the diffusion
layer in the case of conservative melt mixing in the zone
is 0 ~ 0.01 cm. Therefore, the ratio 6/D = 200 s/cm.

The values of the equilibrium coefficient ko,
determined from the phase diagrams by the solubility
method, are quite reliable, since the values of the
limiting solubility of the impurity and the point of
invariant transformation were determined
experimentally with good accuracy. However, it should

be taken into account that in such calculations the
values of the distribution coefficient k are determined
for significant concentrations of impurities in the base,
but the parameter k, is usually a characteristic for
impurities with a low content in the main component.
Therefore, when solving many tasks, it is used
theoretical methods for calculating ko, proceeding from
thermodynamic constants, the equation of ideal
solutions, etc. Assuming that an impurity with a low
concentration forms a solid solution with a base, the
value of k; for the i-th impurity can be determined from
the special case of the Schroeder-Le Chatelier equation

[5]:
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where C; and Cg are the concentrations of the i-th
impurity in the liquid and solid phases of the main
component; 4H; is the molar heat of fusion for the i-th
impurity (J/mol); R is the universal gas constant
(R = 8.314 J/(mol-K)); Tp, is the melting temperature of
the base substance (77, = 1943 K); Tg; is the hypothetical
value of the melting temperature of the i-th impurity,
which is selected from the phase diagram view.

For phase diagrams forming a continuous series of
solid solutions, diagrams of the peritectic type in the
entire concentration range, as well as for impurities
whose diagrams with the base metal are unknown, Tg;
corresponds to the melting point of the impurity
element. In the case of phase diagrams with a number of
eutectic and peritectic transformations, the value of Tg;
is chosen corresponding to the minimum transformation
temperature of the eutectic or peritectic type [6].

Determining the values of kg according to relations
(3), (4) it is possible to calculate the values of the
effective distribution coefficient k, according to
formula (2).

It is known that a good degree of purification from
volatile impurities is possible at high speeds of
movement of the zone. Carrying out one or two passes
at a speed of 16 or 8 mm/min is sufficient for the metal
impurities, which have a high saturated vapor pressure,
to evaporate.

To remove refractory metal impurities and
impurities with a low saturated vapor pressure py at the
melting point of titanium, it is necessary to carry out
multiple zone recrystallization at a low rate, which
makes it possible to gradually move impurities into the
final part of the ingot, and thus reduce their
concentration in the main length of the sample. The
optimal speed of movement of the zone, at which it is
possible to carry out effective refining with fewer
passes, is 2 mm/min.

Table 1 represents the calculated values of the
equilibrium ko; and effective k,; distribution coefficients
for typical metallic impurities, as well as the data on the
limiting coefficient ko, presented in [7].



Table 1

Calculated values of equilibrium ky; and effective k,; distribution coefficients for impurities in titanium

Element TGi, K AH;, kJ/mol kOi konm [7] kei
Ti 1943 18.8 1.0 1.0 1.0
Al 933.5 10.75 0.49 — 0.65
V 1878 17.5 0.96 0.8 0.98
Fe 1358 13.8 0.69 0.3 0.81
K 337 2.33 0.5 — 0.66
Ca 1112 9.2 0.65 — 0.78
Co 1293 15.48 0.62 — 0.76
Si 1603 50.6 0.51 — 0.67
Mn 1408 13.4 0.73 0.39 0.84
Cu 1160 13.01 0.58 0.27 0.73
Na 371 2.64 0.5 — 0.66
Ni 1233 17.61 0.53 0.44 0.69
Nb 2742 26.8 1.62 1.58 1.25
S 386 1.23 0.74 — 0.84
P 317 251 0.45 — 0.61
Cr 1683 21 0.82 0.56 0.9
Zr 1808 19.2 0.92 0.82 0.95

An analysis of the state diagrams of double metal
systems “titanium-impurity” [6] and the calculations of
the equilibrium ky; and effective k,; coefficients allow to
conclude that during zone melting, due to the different
solubility of impurities in the liquid and solid phases of
the base metal, it is possible to carry out refining from
most metallic impurities and some interstitial elements
(Al, Fe, K, Ca, Co, Si, Mn, Cu, Na, Ni, S, P, Cr, Zr,
C, H). An insignificant additions of these impurities
lower the titanium melting point, and for them kg; <1.

The addition of some impurities (Nb, O, N)
increases the melting point of titanium, and for these
impurities equilibrium coefficient kq; > 1.

1.2. CALCULATION OF LIMITING AND
EQUILIBRIUM DISTRIBUTION COEFFICIENTS
USING BINARY Ti-Me STATE DIAGRAMS

In this work, the limiting kyimg and equilibrium kog
distribution coefficients of impurities in titanium were
calculated from the experimentally constructed curves
of the solidus and liquidus lines of state diagrams, and
the dependence of the equilibrium distribution
coefficients on concentration and temperature was
studied in the range from the melting point of titanium
to the temperature of the eutectic transformation. Below
calculations are given for the Ti-Mn, Ti-Ni, Ti-Si, Ti-Co
systems.

An analysis of the state diagrams [6] shows that the
solidus and liquidus lines in the temperature range from
the melting point of the pure component to the eutectic
temperature are not right-lined, and therefore kqp is a
function of temperature T and concentration x in this
interval according to the expression:

kOB (T, X) =f (XSB (T)/ XLB (T)) (5)

The calculation of the distribution coefficients and
their dependence on temperature and concentration is
based on the method described in [7]. The method
consists in the mathematical expression of the shape of

the solidus and liquidus lines of state diagrams in the
form of second-order polynomials:

Ts = pssxgs + QspXsp +TMA' (6)

T = pLBXEB + 05 X5 + Ty (7

where T and T, are solidus and liquidus temperatures,
°C; Tma — melting point of the main component A, °C;
Xsg and X, g are the concentrations of component B on
the solidus and liquidus lines, at.%; Psg, Jss, Pie, Jis
are the regression coefficients of the approximating
equations.

Since an equilibrium coefficient of distribution is the
isothermal ratio of concentration Xsg /X, , it should be
observed equality:

ATg =AT, =Tya —Ts =Tya =T, =ATya- (8)

Taking into account condition (8), from expressions
(5) and (6) it is possible to derive the expression koz as a
function of the impurity concentration:

kocs :(pLBXIB +05 )/(pSBX;B +qSB)' 9)

In the same way, excluding concentrations, an
expression can be obtained for the dependence of the
equilibrium distribution coefficient on temperature:

_ pLB(i\/Q§B—4psBATMA —qss). (10)

Kog =
” pss(i\/q53_4pLBATMA_qLB)

The regression coefficients Psg, Pus, Jss, (us in
expressions (6) and (7) were determined from the pairs

of values Tsg, Xsga u Tig), Xigg) taken from the state
diagrams by the method of least squares in
mathematical package Maple.

The field of application of equations (6) and (7) is
limited in the temperature range A7y, from the melting



point Ty, of the main component to as close as possible
to the eutectic temperature Tg,. This interval (it is the
region of solid solutions based on B-Ti) for each system
is showed in Table 2.

The limiting distribution coefficient Kgjing i
determined by extrapolating the content of the second
component to zero concentration Xg—0 or at
T—Tua. This value can be obtained from the formula
(9) at X g = Xg = 0:

kont =05 /qSB' (11)

Table 2 represents the values of the regression
coefficients of the approximating equations for the
solidus and liquidus lines for the studied Ti-Me systems,
the temperature range of applicability of the ATya
equations, and the calculated values of the limiting
distribution coefficients kyimg. For the Ti-Si and Ti-Co
systems values of kgimg Were not found in the literary
source. For the systems Ti-Mn, Ti-Ni, the refined values
of kojimg Were obtained.

Table 2

The values of regression coefficients of equations for the solidus and liquidus lines in Ti-Me systems, temperature
range of applicability of ATy, equations, and values of limiting coefficients Kyjims

System Ps Os pL qu ATy, °C Kotims Kotims [7]
Ti-Mn 0.2094 -22.2420 -0.1404 -5.6172 485 0.25 0.39
Ti-Ni 2.0046 - 87.7359 -0.5033 -17.4277 520 0.2 0.44
Ti-Si -0.3452 - 72.9805 -0.9367 - 12.0652 353 0.17 -
Ti-Co 2.8972 - 84.3990 -0.9032 -5.6579 600 0.07 -

Table 3 represents the calculated values of kOCB and

kgB, obtained from expressions (9) and (10), for the

selected values of ATua. The calculations were
performed in the Mathcad program.
Comparing with the data of the Table 2, there is a

good agreement between the values kOCB and kgB

obtained from expressions (5) and (6) for the given
identical values of A4Ty4. This confirms the correctness
of the calculated determination of the concentration and
temperature dependence of the equilibrium distribution
coefficients for these systems.

Table 3
The calculated values of the distribution coefficients kocB and kgB obtained for the selected values of ATya
Ti-Si Ti-Mn Ti-Ni Ti-Co

KS, | kT, Jamwcc] kS | KT, amacc] kS | KT, [4mwcd kS | kI, [4mucc
0.20 0.20 41.94 0.28 0.29 32,51 0.21 0.22 70.14 | 0.10 0.11 33.70
0.21 0.22 64.52 0.32 0.33 72.66 0.23 0.23 101.36 | 0.12 0.14 72.22
0.23 0.24 98.4 0.37 0.38 [128.86 | 0.24 0.23 139.27 | 0.16 0.17 122.78
0.25 0.26 146.8 0.42 042 [183.46 | 0.26 0.26 192.79 | 0.17 0.18 166.11
0.30 0.30 254.84 | 0.48 048 [252.52 | 0.29 0.29 290.91 | 0.25 0.25 272.04
0.32 0.32 306.45 | 0.56 0.56 [344.05 | 0.30 0.30 333.28 | 0.31 0.32 377.97

Fig. 1 shows the dependency graphs of equilibrium
coefficients kgB on ATy, plotted according to formula
(20), for the systems Ti-Mn, Ti-Ni, Ti-Si, Ti-Co.
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Fig. 1. Dependence of the equilibrium distribution
coefficient K, on ATy, for systems Ti-Mn, Ti-Ni, Ti-Si,

Ti-Co

The dependences were constructed using the Origin
software package for numerical data analysis. An
analysis of the plotted graphs showed that there is a

linear dependence kgB on ATy, in the selected
temperature range for these systems.

1.3. CALCULATION OF THE METAL REFINING
PROCESS DUE TO THE EVAPORATION
OF IMPURITIES

When carrying out ZM in vacuum, in addition to
purifying the material as a result of zonal separation of
impurities, refining also occurs due to the evaporation
of impurities with a high saturated vapor pressure at the
melting point of the base material [8]. Among the
existing methods for calculating the change in the
concentration of an impurity element in the base metal
due to evaporation, the most convenient is the method
proposed in [9]. The reduced coefficient of evaporation
of the i-th impurity g; (it is dimensionless value), which
makes it possible to characterize the evaporation
process, can be calculated by the formula:



2a y pi0V|
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where ¢; is the Langmuir coefficient; poi is the saturated
vapor pressure at a melting temperature of basic
material, Torr; y; is the activity coefficient of impurity;
A; is the atomic weight in the condensed phase; #; is the
number of atoms in a vapor molecule; V = Aplpy —
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 move.

gi (12)

Table 4 represents the calculated values of the
reduced evaporation coefficient g;, performed according
to the formula (12). In the calculations, the values of the
parameters were selected that are typical for the case of
crucible-less zone melting of refractory metals with a
low content of impurities: 1) the activity coefficient
yi = 1, since at the melting point of titanium, interactions
between the Ti atoms and the atoms of impurity element
with the formation of any stable bonds are not expected;
2) the evaporation of impurities occurs in the molecular
mode in the form of monatomic molecules from a
moderately stirred melt (o;=1,#%=1). The molar
volume of titanium is Vy; = 10.6 cm®/mol, the width of
the molten zone is comparable to the radius of the rod

l=r=0.4cm.
Table 4
The calculated values of the reduced evaporation coefficient g;
Element| Ti | Al | V | Fe K Ca |Co| Si IMn | Cu| Na | Ni Nb S P Cr | Zr
P% Pa | 0,6 3192 0,12 53.2|2:10% 5-10° 1330 133(7980 | 266| 9-108 2660(4-107|2-10* 2-10®| 106 |1-10™
gi | 0.05| 386|0.01] 4.48|2-10° 5-10% 109| 15,8/677 | 20.9| 1-10°| 218 |2:10¥2-101 3-10*| 9,3 {3-107

Thus, when carrying out zone refining of titanium,
one can expect a decrease in the concentration of a large
amount of impurities due to evaporation (for example,
Al, Ca, Co, Cr, Cu, Fe, K, Mn, Na, Ni, P, S, Si). They
are characterized at 1943 K by the values of the
saturated vapor pressure P% > 50 Pa and g; > 4. For
titanium, the same parameters indices are P° = 0.6 Pa
and g = 0.05.

2. EXPERIMENTAL STUDY OF TITANIUM
REFINING BY THE ZM METHOD

2.1. RESEARCH METHODS AND MATERIALS

The production of refined titanium samples was
carried out using the crucibleless ZM method with
electron-beam heating in a vacuum of 1:10™ Pa. The
advantages of this type of ZM include the ability to
refine samples and grow single crystals of refractory
metals and alloys, the absence of a crucible, the creation
of a narrow heating region by focusing the electron
beam, and a high specific power concentration. A
detailed description of the zone melting unit for refining
refractory metals is given in [10, 11].

The starting material used industrial titanium,
obtained by refining iodide method (with integral purity
of material 99.88 wt.%).

The results of the impurity content in titanium
materials were obtained by laser mass spectrometry. In
the analysis, an EMAL-2 energy-mass analyzer was
used, the limiting sensitivity of the analysis method for
metal impurities was ~ 10°...10° at.%. The device was
calibrated with certified LECO samples.

The visual inspection of thin sections and
photographing of the grain structure were carried out
using an MMP-4 microscope. The microhardness was
measured on a PMT-3 microhardness tester at a load of
0.05 kgf. The value of the microhardness hnumbers was
recorded by ten measurements; the measurement error
did not exceed 5%.

2.2. RESULTS AND DISCUSSION

The titanium refining process was carried out in
several stages. At first, the initial billet of iodide Ti was
heated for the purpose of degassing and melting at a
high speed of zone passage (16 and 8 mm/min).
Samples were obtained in the form of rods with a
circular cross-section with a diameter of 8 mm. In the
second part of the experiments, zone recrystallization
was carried out at a rate of 2 mm/min. All experiments
were carried out in a vacuum of 1-10 Pa. Photos of
samples are shown in Fig. 2.

Fig. 2. View of the original billet of iodide titanium
and ingot after ZM

The results of the elemental composition analysis
show a decrease in the content of a number of metal
impurities in the refined ingots, which were removed
during the simultaneous passage of the processes of
zone recrystallization and evaporation.
The concentration of aluminum was reduced by 1.7;
iron — 1.3; calcium — 1.4; cobalt — 4; manganese — 7,
nickel — 1.7; copper — 4; chromium — 1.7; phosphorus —
1.4 times (Table 5).



Table 5

Elemental analysis results for titanium samples

Concentration, wt.%

Titanium

Ti Al \Y Fe Ca

Co Si Cu Ni Cr S Zr

Initial | 99.88| 0.012 |4.8-10% 0.03 [1.7-10*

1-10*

6.2:10% 2:10°(3.3-10% 3-10° |3.5:10%|1.6:103

After ZM [ 99.92|7.6:10%4.2-10% 0.022 |1.2:10*

2.5-10°

5.2:10%4.5-10%1.9-10% 5-10°{2.9-10% 1.6-107

The refining of titanium from gas-forming
impurities occurred at various stages of the experiment.
Hydrogen left in the form of gaseous molecules
(H,, H,0) during preliminary heating and ZM at a high
rate. The carbon was vaporized as CO and CO,
molecules. Nitrogen evaporated in the form of N, gas
molecules during high-temperature heating and ZM. A
decrease in the oxygen content occurred at the heating
and ZM stages as a result of the formation of gaseous
molecules (CO, CO,, H,0). The refining also took place
due to the displacement of metal carbides and oxides
into the final part of the ingot at zone recrystallization.

In refined titanium samples, the concentration of
oxygen was reduced by 1.3 (from 0.033 to 0.025 wt.%),
carbon — 2 (from 0.01 to 0.0048 wt.%), nitrogen — 2.5
times (from 0.009 to 0.0035 wt.%). The purity of the
samples was characterized by a value of 99.92 wt.% by
titanium content. The total amount of impurities was
reduced by a factor of 1.5 (from 0.12 to 0.08 wt.%).

Fig. 3 shows photographs of the titanium sample
microstructure before and after zone recrystallization.

b

Fig. 3. Microstructure of samples of initial iodide
titanium (a) and zone-melted titanium (b)

It is seen that the structure of zone-melted titanium
(see Fig. 3,b) is more perfect. In the photographs you
can see twins, as well as sliding lines along prismatic
planes

{1010}. The grain boundaries are clean; the grain size
reaches 5x5x7 mm. The microhardness value for the
samples of the initial iodide titanium varied in the range
H, = 1110...1140 MPa. After the zone recrystallization,
the grains of the material were aligned predominantly
along the direction of the ZM (the deviation of the
normal vector to the base plane from the direction of
movement of the zone varied from 0 to 15°). The value
of microhardness after melting with a speed of
16 mm/min was equal to H, = 1060...1090 MPa. After
zone recrystallization at a rate of 2 mm/min, the
microhardness value decreased to H,=940...970 MPa
due to a significant decrease in the content of interstitial
impurities.

CONCLUSIONS

The physical substantiation of the process of
titanium refining from metal impurities and interstitial
impurities during ZM in vacuum is presented.
Calculations of the equilibrium and effective
distribution coefficients of impurities in titanium are
carried out. The concentration and temperature
dependences of the limiting coefficients have been
determined for some titanium-impurity systems,
including for Ti-Si and Ti-Co, for which no data were
found in the literature. Calculations of the metal refining
process due to the evaporation of impurities have been
performed.

To obtain refined titanium samples, we used a
method consisting of preliminary heating and vacuum
crucibleless zone melting with electron beam heating.
The purity of the obtained samples was characterized by
a value of 99.92 wt.% by titanium content. The total
amount of impurities was reduced by a factor of 1.5
(from 0.12 to 0.08wt.%). The concentration of
interstitial impurities was significantly reduced (oxygen
by 1.3; carbon - 2; nitrogen — 2.5times). The
microstructure and microhardness of titanium before
and after refining have been investigated. For pure
samples the value was equal to H, = 940...970 MPa in
comparison with the values for the initial material
H, = 1110...1140 MPa.
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PA®UHUPOBAHUE TUTAHA METOJOM BECTUT'EJIbHOM 30HHOM IIVIABKA

O.E. Kosceenukos, H.H. ITununenko, A.1l. Illepbans, O.A. /layenko,
B.H. Ilenvix, B./]. Bupuu

[IpencraBneno Qusmyeckoe 0OOCHOBAaHWE papUHUPOBAHUS THTAHA METOIOM OCCTHUTEIBHOH 3JIEKTPOHHO-
JMy4eBOH 30HHOW IUIaBKM B BakyyMe. [IpoBeleHBI pacdeTsl pPaBHOBECHOTO, TPEACIBHOTO U 3()(QEeKTHBHOTO
KOX(QQUIHUEHTOB paclpeeNieHis] s NPUMECHBIX JIIEMEHTOB B OCHOBHOM MeTainie. JKCIEPHUMEHTAIBHO
HCCIICIOBAaHO padUHUPOBAHUE TUTAHA, IMOJydeHBI 00pa3msl uuctoToit 99,92 mac.%. CymmapHoe coiepikaHue
npuMeceit cHmkeHO B 1,5 paza (¢ 0,12 mo 0,08 mac.%). 3HaunTeNbHO YMCHBIICHA KOHIICHTpAIWS IIpUMeceit
BHeApeHus (kucimopona — B 1,3; yriepoaa — B 2; a3ota — B 2,5 pasa). MccnenmoBana CTpyKTypa 1 MUKPOTBEPIOCTb.

PA®IHYBAHHS TUTAHY METOJA0OM BE3TUTI'EJIBHOI'O 30HHOT'O IIVIABJIEHHS

0.€. Koscegnixos, M.M. Iununenxo, O.11. lllepoans, O.A. /layenko,
B.M. Ilenux, B./l. Bipuu

[pencraBneno (¢ismyHe OOTpyHTYBaHHS padiHyBaHHA THTaHY METOAOM OC3THTEIFHOTO EICKTPOHHO-
MPOMEHEBOTO 30HHOTO IUIABJICHHS y BaKyyMi. [IpoBeIeHO pO3paxyHKH PiBHOBAXKHOI'O, TPAHUIHOTO Ta e()eKTHBHOTO
KOC(QIIIEHTIB PO3MOALTY IS JOMIIIKOBUX €IIEMEHTIB B OCHOBHOMY MeTalli. EKCIepHMeHTaNbHO HOCIHIIKEHO
padiHyBaHHS TUTaHy, OTPUMAHO 3pa3kd 4UCTOTO 99,92 mac.%. CyMapHH BMICT IOMINIOK 3HIKEHO B 1,5 pasu
(3 0,12 o 0,08 mac.%). 3Ha4HO 3MEHIIIEHa KOHIEHTPAILIisl JOMIIIOK BIIPOBa/pKeHHs (KHCHIO — B 1,3; Byriemo — B 2;
a3oTy — B 2,5 pasu). JJociimKeHO CTPYKTYPY Ta MIKPOTBEPIICTb.



