Complex Use of Mineral Resources. No 3. 2017.
UDC 668.2.017:620/17

Complex use of mineral resources No 3. 2017.

$93$1,&+.,1 1Ⱥ0'(5%,6$/,11,2ȺȺ0$0$<(9$1'0'=+80$%(.291,
$7,0%$529$1
,QVWLWXWHRI0HWDOOXUJ\DQG2UHEHQH¿FLDWLRQ$OPDW\.D]DNKVWDQ HPDLODESDQLFKNLQ#PDLOUX
.D]DNK1DWLRQDO5HVHDUFK7HFKQLFDO8QLYHUVLW\QDPHGDIWHU.,6DWSD\HY$OPDW\.D]DNKVWDQ
1

HYDROGEN PERMEABILITY OF MEMBRANES BASED ON NIOBIUM AND
TANTALUM FOILS IN THE ATMOSPHERE OF TECHNICAL PURITY HYDROGEN
Abstract: The paper presents the results of measuring the hydrogen permeability of membranes from niobium and tantalum foils with 40
ȝPRIWKLFNQHVV7KHPHDVXUHPHQWVZHUHFDUULHGRXWLQDK\GURJHQDWPRVSKHUHRIWHFKQLFDOSXULW\ZLWKDVPRRWKGHFUHDVHLQWHPSHUDWXUH
followed by isothermal aging and under conditions of cyclic temperature variation. It is shown that the temperature and the magnitude of
WKHH[FHVVSUHVVXUHLQÀXHQFHWKHK\GURJHQSHUPHDELOLW\RIWKHQLRELXPDQGWDQWDOXPPHPEUDQHV$GHFUHDVHLQWHPSHUDWXUHFDXVHVD
reduction in hydrogen permeability. The increase in hydrogen pressure shortens the period until the maximum of hydrogen permeability
is reached. This indicates that an increase in the gas pressure loss accelerates the saturation of the membrane with hydrogen. The valXHVRIK\GURJHQSHUPHDELOLW\DQGWKHGXUDWLRQRIWKHPHPEUDQHEHIRUHGHVWUXFWLRQDUHLQWHUUHODWHG7KHPRUHK\GURJHQÀRZWKURXJKWKH
PHPEUDQHWKHIDVWHULWEUHDNVGRZQ:KHQPHPEUDQHVIXQFWLRQXQGHUF\FOLFWHPSHUDWXUHÀXFWXDWLRQVWKHSHULRGEHIRUHWKHLUGHVWUXFWLRQ
is longer compared to that observed in membranes with a smooth temperature decrease followed by isothermal aging. This phenomenon
LVH[SODLQHGE\DVLJQL¿FDQWFKDQJHLQWKHVROXELOLW\RIK\GURJHQLQQLRELXPDQGWDQWDOXPLQWKHUDQJHRI&3UREDEO\DF\FOLF
change in temperature leads to a decrease in the average concentration of hydrogen in niobium and tantalum and, as a result, increases
their plasticity. Under conditions of cyclic temperature change, the optimal hydrogen permeability and the period before destruction of the
QLRELXPPHPEUDQHVKRZLQWKHUDQJHRI&DWDSUHVVXUHRIN3DDQGPHPEUDQHVIURPWDQWDOXPLQWKHUDQJHRI&
and 300-500 kPa. Investigation of the surface of membranes after contact with hydrogen showed that the main cause of their breakthrough
are microcracks, which arise when crossing folds formed during membrane dilatation. It is assumed that the creation of conditions to preYHQWWKHFURVVLQJRIIROGVDQGWKHLUPRUHRUGHUO\IRUPDWLRQZLOOVLJQL¿FDQWO\LQFUHDVHWKHVHUYLFHOLIHRIK\GURJHQSHUPHDEOHPHPEUDQHV
8SRQFRQWDFWZLWKWHFKQLFDOJUDGHK\GURJHQWKHVXUIDFHRIWKHPHPEUDQHVRIWDQWDOXPDQGQLRELXPLVFRDWHGZLWKDWKLQR[LGH¿OP7KLV
leads to a decrease in hydrogen permeability over time.
Key words: hydrogen permeability, thin membranes, niobium, tantalum, dilatation, hydrogen

Introduction. Analysis of literature data shows
that today in the world the most promising way to
produce ultrapure hydrogen is the process of separaWLRQRIJDVPL[WXUHVɇ2ɋɈɋɈ2, formed during the
steam conversion of hydrocarbons. The separation of
hydrogen is carried out using inorganic membranes
based on palladium and its alloys. The high cost of
such membranes and the relatively short period of
WKHLURSHUDWLRQVLJQL¿FDQWO\LQFUHDVHVWKHFRVWRIK\drogen. In this regard, the development of the hydrogen industry requires the development of new highly
HI¿FLHQWDQGLQH[SHQVLYHK\GURJHQSHUPHDEOHPHPbranes. Metals of the 5th group, in particular tantalum
and niobium, are substantially cheaper than palladium and are characterized by high hydrogen-absorbing
ability [1-4]. This allows them to make membranes
IRU K\GURJHQ SXUL¿FDWLRQ KRZHYHU GXH WR KLJK K\drogen embrittlement and activity against such gases
as CO, O2, H2O at hydrogen diffusion temperatures,
the membranes from these metals change their characteristics and fail. As a result of interaction with reactive gases, as well as surface segregation of oxygen
dissolved in the lattice, the surface of these metals is
FRYHUHGZLWKDQR[LGH¿OPZKLFKH[WUHPHO\KLQGHUV
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the catalytic dissociation of hydrogen molecules necessary for the absorption of hydrogen on the surface
[1-5]. At operating temperatures (> 520 K) in contact
with the components of a gas mixture containing hyGURJHQWKHWKLFNQHVVRIWKHR[LGH¿OPLQFUHDVHV>@
However, if the pressure of the chemically active
JDVHV LV VXI¿FLHQWO\ ORZ DQG WKH WHPSHUDWXUH RI WKH
PHPEUDQHLVKLJKHQRXJKVXFKD¿OPLVSUDFWLFDOO\
not formed on its surface. Moreover, it is known that a
WKLQR[LGH¿OPOHDGVWKHPHPEUDQHWRDVXSHUFRQGXFtivity state along atomic hydrogen and more energy
hydrogen particles [1].
In view of the fact that in typical gas mixtures,
the pressure of such chemically active components
as H2O, CO2, O2, CnHm is large, it is required to protect the surface of the hydrogen permeable membrane
from oxidation. It is believed that the most promising
is a coating of palladium and its alloys, up to a few
microns thick. Composite membranes based on metals of the 5 th group, coated with a thin layer of palladium, have been developed for a number of years
[6-14], but they have not yet found commercial application. One of the problems facing the use of composite membranes from niobium and tantalum is the low
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WKHUPDOVWDELOLW\RIWKHSDOODGLXPFRDWLQJDQLQVXI¿- a modulated temperature decrease, hydrogen permecient obstacle to embrittlement of niobium and tan- DELOLW\¿UVWLQFUHDVHVUHDFKLQJDPD[LPXPDIWHU
talum membranes at operating temperatures. Thus, it 500 s from the moment of contact of the membrane
was found [9] that even at T> 723 K, membranes from with hydrogen, and then decreases to certain values,
palled niobium become brittle if the concentration of the value of which under isothermal holding condidissolved hydrogen H / Nb exceeds 0.25-0.3. In or- WLRQVGRHVQRWVLJQL¿FDQWO\GHFUHDVHZLWKWKHFRXUVH
der not to exceed this maximum allowable concentra- of time. In a number of cases, the destruction of the
tion at the required pressures, the temperature should membrane occurs even before the stabilization of hyEH VXI¿FLHQWO\ KLJK IRU H[DPSOH DW D SUHVVXUH RI drogen permeability.
7KH SHULRG EHIRUH GHVWUXFWLRQ GHSHQGV LQVXI¿10 atm. T> 1100 K for niobium.
The problem of using niobium and tantalum as a ma- ciently on the temperature of the start of the experiterial of hydrogen permeable membranes is very acute. ment and the pressure.
,WVVROXWLRQFDQKDYHDVLJQL¿FDQWLPSDFW
on the development of hydrogen energy in Table 1 – Hydrogen permeability of membranes under conditions of modulated
temperature decrease followed by isothermal section
the world. This makes it necessary to conduct more in-depth studies of the behavior
Time of
Hydrogen per- Time to
Temperature
Maximum
Excess
reaching the
meability
destrucof membranes based on niobium foils and
of experiment of hydrogen
hydrogen
maximum 3ÂXQtion of
tantalum under various conditions.
start and iso- permeability
pressure,
of hydrogen der isothermal mem-10
thermal secɊÂ ,
Experimental part. ([SHULPHQWDO
kPa
permeability, conditions,
brane,
WLRQɋ
mol/sÂmÂPa0.5
sec
mol/sÂmÂPa0.5
sec.
WHFKQLTXHV DQG SURFHGXUH Experiments
on the determination of the hydrogen
Niobium foil 40 micron
permeability of niobium and tantalum
500
575; 525
1,35
700
0,55 - 0.62
4200
foils were carried out by the method and
500
578; 561
3,4
400
3 at the time
680
(destruction)
of destruction
on the equipment described in [15]. The
niobium foil (99.5 wt% Nb) and tanta600
585; 552
3,1
350
2,35

(destruction)
lum (99.92 wt% Ta) foil thickness 40 ±
Tantalum foil 40 micron
 ȝP SURGXFHG E\ 8OED 0HWDOOXUJLFDO
500
480;
350
1,17
750
0,02
Has not
Plant JSC were subjected to testing. The
destructfoil was supplied in a roll of 120 mm
ed to
12,300
wide tape. The area of the membrane
subjected to the study had a round shape
700
565;527
6
200
2,7
1100
(destruction)
of o80 mm.
500
585; 557
3,3
420
2,4
1530
Measurement of hydrogen permeability was carried out at an excess pressure of
hydrogen of grade B (GOST 3022-80) at
Under conditions of cyclic tests, the period of
300, 400, 500, 600, 700 kPa and at the beginning of the
change in hydrogen permeability coincides with
experiment 550, 565, 580 °C under conditions of unithe period of temperature change of the membrane
form temperature decrease followed by isothermal aging with a slight shift of the curves relative to each othand under cyclic conditions temperature changes with er. Obviously, this is due to the inertia of the temoscillations up to ~±20°. Simultaneously with the value perature measurement. Practically in all the cases
RIWKHJDVÀRZWKHWHPSHUDWXUHRIWKHEDVHZDV¿[HGWR considered, active hydrogen evolution occurs at
which the membrane adhered. The tests were carried out the stage of membrane heating and slowed down
before the membrane burst. Hydrogen was additional- upon cooling. In some cases, hydrogen cooling
O\VXEMHFWHGWRZDWHUSXUL¿FDWLRQE\SDVVLQJLWWKURXJK completely stops when the membrane is cooled.
chilled to -40 °C aluminum chips.
Advantageously, after the expiration of ~2000 s
Results and discussion. The results of measuring from the moment of contact of the membrane with
the hydrogen permeability of membranes from niobi- hydrogen, the average value of hydrogen permeaum and tantalum under conditions of modulated tem- bility decreases slightly. With increasing temperaperature decrease followed by isothermal aging and ture, there is a tendency to decrease the duration of
F\FOLF WHPSHUDWXUH ÀXFWXDWLRQV DUH SUHVHQWHG LQ 7D- the membrane operation until the moment of debles 1 and 2. As follows from the data obtained, with struction, and an increase in the excess pressure of

43

Complex Use of Mineral Resources. No 3. 2017.
hydrogen practically does not affect this. In a number of cases, tests under identical conditions lead to
different results on the duration of the membrane
operation prior to its destruction.
An analysis of the data obtained indicates that the
WHPSHUDWXUHDQGSUHVVXUHDUHLQÀXHQFHGE\WKHK\GURgen permeability of the niobium and tantalum membranes. A decrease in temperature causes a reduction

in hydrogen permeability. In this case, the hydrogen
pressure has an indirect effect on the actual temperature in the chamber. Since the value of the thermal
conductivity of gases directly depends on the pressure, then with increasing hydrogen pressure, heat
transfer increases when it contacts the water-cooled
units of the installation. This leads to a decrease in the
temperature inside the chamber in comparison with
the preset.
Table 2 – Hydrogen permeability of membranes under cyclic temperature
changes
On the temperature curves, this manifests
itself in the form of a drop in the temperature
Interval
Interval of vibra- Time to
hydrogen
Excess The tempermeability
hydrogen perature and period, tion of hydrogen memin the chamber immediately after the hydrogen
permeability
pressure, of the ex- temperature
brane change charinlet and its subsequent stabilization at a lower
periment ÀXFWXDWLRQV ɊÂ-10, mol/
kPa
destruc- acteristics
0.5
level (Figure 1 a). During cyclic temperature
VWDUWɋ ɋDQGVHF
tion, s
sÂmÂPa
ÀXFWXDWLRQVDIWHUWKHK\GURJHQLVLQWURGXFHG
Niobium foil 40 microns
the mean temperature and the amplitude of the
500
545
510-520;
from 0.2 to 1.7
3700
Cyclic
~500
change in
oscillations decrease (Figure 1 b).
hydrogen
600
550
512-533
from 1 to 2.3
1500
Increasing the hydrogen pressure shortpermeability
~500
ens the period until a maximum of hydrogen
with a period
300
565
537-552;
from 0.3 to 2.5
2350
similar to
permeability is reached, at which the mem~500
the cycle of
branes are smoothly cooled (Table 2). This
temperature
500
565
525-540;
from 0.6 to 4.2
2100
indicates that an increase in the pressure
change.
~500
Growth in
drop of the gas accelerates the saturation of
700
565
512-525
from 0.05 to 1.3
7000
the heating
~250
(Has not stage and
the membrane with hydrogen.
destruct- decrease
When comparing the values of hydrogen
ed)
with cooling.
permeability
and the duration of the mem6WDELOL]DWLRQ
300
585

from 2 to 3.7
1050
brane
before
destruction,
their direct depenafter 400~500
500 s from
GHQFHLVREVHUYHG7KHPRUHK\GURJHQÀRZ
400
585
560-570;
from 3.5 to 4.8
850
the moment
~300
through the membrane, the faster it breaks
of contact
600
585
558-568;
from 1.1 to 2.7
1350
down.
with hydro~500
gen
The membranes under conditions of cy700
585
555-558;
from 2.7 to 3.5

FOLF
WHPSHUDWXUH ÀXFWXDWLRQ GHPRQVWUDWH D
~350
VLJQL¿FDQWO\
ORQJHU GXUDWLRQ RI RSHUDWLRQ
Tantalum foil 40 microns
prior to destruction, in comparison with
500
530
510-537;
from 0.2 to 2.3
8300
Cyclic
those observed under conditions of smooth
~650
change in
hydrogen
temperature decrease followed by isother300
565
538-548;
from 0.4 to 3
2400
permeability
~500
mal aging. At the same temperature range,
with a period
400
565

from 0.3 to 2.25
1600
WKHDYHUDJHK\GURJHQÀRZUDWHLVSUDFWLFDOsimilar to
~500
the cycle of
ly independent of the type of heating. The
500
565
525-537;
from 0.18 to 1.5 Ɋɚɡɪɭ- temperature
increase in the membrane operating time
change.
~500
with a decrease ɲɟɧɢɟ
Growth in
before destruction in conditions of temperaɧɟɩɪɨto 0.1
ɢɡɨɲɥɨ the heating
WXUH ÀXFWXDWLRQV FDQ EH H[SODLQHG E\ WKH
stage and
ɱɟɪɟɡ
VLJQL¿FDQWGHSHQGHQFHRIK\GURJHQVROXELOdecrease
ɫ
with cooling.
ity in tantalum and niobium on temperature.
300
585
555-568;
from 1.7 to 4.3
2200
6WDELOL]DWLRQ
Thus, according to the state diagram of the
~500
after 400Ta-H system, the solubility of hydrogen at
500 s from
400
585
555-568;
from 2.2 to 4.3

the moment
~500
from 1.2 to 3.6
1750,
500 °C is 22 at.%, And at 600 °C, 12 at.%.
of contact
from 1.3 to 3.4
4400
6XFKDVLJQL¿FDQWFKDQJHLQVROXELOLW\DSwith hydro500
585
548-562;
from 1.3 to 3.3
4000
gen
parently, helps to reduce the concentration
~500
from 0.2 to 1.6
8300
of hydrogen in tantalum and niobium during
600
585
547-565;
from 0.8 to 2.7
2400
thermal cycling, which provides a higher
~500
level of their plasticity.
700
585
540 –557;
from 0.2 to 1.7
3400
~550
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a

b
a – gradual cooling and isothermal aging, b – thermocycling
1 – hydrogen permeability, 2 – temperature

branes causing the foil portions to shift relative to the
gas permeable substrate. Obviously, the compressive
stresses that arise under such conditions prevent rapid
destruction of the membrane. Since the direction of
the formation of folds under such conditions is not
predictable, it is impossible to predict the occurrence
of foci of stress concentration. The creation of conditions to prevent the crossing of folds and their more
RUGHUO\ IRUPDWLRQ ZLOO VLJQL¿FDQWO\ LQFUHDVH WKH OLIH
of hydrogen permeable membranes.
The difference in hydrogen permeability of membranes revealed under the same experimental conditions is due primarily to the difference in the properties of the membrane surface. The main reason for
this is the formation of an oxide layer that slows the
diffusion of hydrogen into the membrane. This reGXFHV WKH ÀRZ RI K\GURJHQ WKURXJK WKH PHPEUDQH
ZKLFKNHHSVLWVSODVWLFLW\DWDVXI¿FLHQWO\KLJKOHYHO
The stresses arising during the formation of folds are
QRWVXI¿FLHQWIRUWKHLQLWLDWLRQRIDFUDFN7KHR[LGH
layer on the surface of the membrane can occur both
in the factory environment and directly on contact
with hydrogen contaminated with oxygen. The latter
LVFRQ¿UPHGE\DGHFUHDVHLQK\GURJHQSHUPHDELOLW\
with time, and by a change in the color of the surface
of the membranes from tantalum.

Figure 1 – Dependence of the hydrogen permeability of a
tantalum membrane on the type of heating at a hydrogen pressure
of 500 kPa

In this case, the optimal hydrogen permeability and the period before destruction of the niobium
membrane show in the range of 535-555 °C at a pressure of 500 kPa, and membranes from tantalum in the
range of 555-568 °C and 300-500 kPa.
Investigation of the surface of membranes after
H[WUDFWLRQIURPWKHLQVWDOODWLRQE\GH¿QLWLRQRIK\GURgen permeability showed that as a result of dilatation
they acquire a network of folds that form cells of various sizes (Figure 2). At the same time, the greater the
pressure of hydrogen, the more acute folding tips were
observed in the membranes. Revealing the causes of
breakthroughs of membranes showed that in the overwhelming majority of them microcracks appeared at
the intersection of folds (Figure 2). Since the dissolution of hydrogen in niobium and tantalum sharply
reduces their plasticity, the formation of a crack will
occur at the point of concentration of stresses, which
can be both intersecting folds and the area of contact
with the sealing rings. The appearance of such folds at
a pressure of 300 to 700 kPa indicates the occurrence
of very high stresses in the crystal lattice of the mem-

Figure 2 – Formation of a crack in hydrogen permeable
membranes as a result of dilatation

Conclusions. As can be seen from the above, an
increase in the service life of membranes from foils of
tantalum and niobium can be achieved by a set of measures. Providing an increase in the corrosion resistance
of the membrane surface facing the hydrogen-containing gas mixture will ensure the stability of the properties during their operation. The creation of conditions
for controlled deformation of membranes during dilatation will reduce the probability of formation of foci
of internal negative stresses that cause cracks in the
low-plastic membrane material. Cyclic temperature
FKDQJHV FDQ VLJQL¿FDQWO\ LQFUHDVH WKH VHUYLFH OLIH RI
the membrane in comparison with the isothermal con-
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ditions of their operation. This makes it promising to
use this method to increase the service life of membrane modular plants for the production of ultrapure
hydrogen made from metals with a sharply varying
hydrogen solubility as a function of temperature.
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ɧԥɬɢɠɟɫɿɤԧɪɫɟɬɿɥɝɟɧԦɥɲɟɭɥɟɪɬɟɦɩɟɪɚɬɭɪɚɧɵԙԛɡɞɿɤɫɿɡɬԧɦɟɧɞɟɭɦɟɧɬɟɯɧɢɤɚɥɵԕɬɚɡɚɫɭɬɟɝɿɚɬɦɨɫɮɟɪɚɫɵɧɞɚɢɡɨɬɟɪɦɢɹɥɵԕ
ԝɫɬɚɭɠԥɧɟɰɢɤɥɞɿɤɬɟɦɩɟɪɚɬɭɪɚɧɵԙԧɡɝɟɪɭɿɛɨɣɵɧɲɚɠԛɪɝɿɡɿɥɞɿɈɧɞɚɧɢɨɛɢɣɠԥɧɟɬɚɧɬɚɥɦɟɦɛɪɚɧɚɥɚɪɵɧɵԙɫɭɬɟɝɿԧɬɤɿɡɝɿɲɬɿɝɿɧɟ
ɬɟɦɩɟɪɚɬɭɪɚɦɟɧɚɪɬɵԕԕɵɫɵɦɵɧɵԙɦԧɥɲɟɪɿɧԥɫɟɪɿɞɟɩɤԧɪɫɟɬɿɥɝɟɧɌɟɦɩɟɪɚɬɭɪɚɧɵԙɬԧɦɟɧɞɟɭɿɫɭɬɟɝɿԧɬɤɿɡɝɿɲɬɿɝɿɧɿԙɬԧɦɟɧɞɟɭɿɧ
ɬɭԑɵɡɚɞɵ ɋɭɬɟɝɿ ԕɵɫɵɦɵɧɵԙ ԧɫɭɿ  ɫɭɬɟɝɿԧɬɤɿɡɝɿɲɬɿԙ ɦɚɤɫɢɦɭɦ ɞɟԙɝɟɣɿɧɟ ɞɟɣɿɧ ɦɟɪɡɿɦɿɧ ɚɡɚɣɬɚɞɵ Ȼԝɥ ɝɚɡ ԕɵɫɵɦɵɧɵԙ ɚɪɬɭɵ
ɦɟɦɛɪɚɧɚɧɵԙ  ɫɭɬɟɝɿɦɟɧ ԕɚɧɵԕɬɵɪɭ ɞɟԙɝɟɣɿɧ ɬɟɡɞɟɬɟɬɿɧɿɧ ɤԧɪɫɟɬɟɞɿ Ɇɟɦɛɪɚɧɚɥɚɪɞɵԙ ɫɵɧɭԑɚ ɞɟɣɿɧɝɿ ɠԝɦɵɫ ɠɚɫɚɭ  ԝɡɚԕɬɵԑɵ
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ɦɟɧɫɵɧɭɦԥɧɞɟɪɿɛɿɪɛɿɪɿɦɟɧɛɚɣɥɚɧɵɫɬɵɆɟɦɛɪɚɧɚɚɪԕɵɥɵɫɭɬɟɝɿɚԑɵɧɵԛɥɤɟɧɤԧɥɟɦɞɟԧɬɤɟɧɫɚɣɵɧɨɧɵԙɛԝɡɵɥɭɵɠɢɿɥɟɣɞɿ
Ɉɥɦɟɦɛɪɚɧɚɥɚɪɢɡɨɬɟɪɦɢɹɥɵԕԥɫɟɪɿɧɟɧɤɟɣɿɧɬɟɦɩɟɪɚɬɭɪɚɧɵԙɬɟɝɿɫɬԧɦɟɧɞɟɬɭɛɚԕɵɥɚɭɠɚԑɞɚɣɵɦɟɧɫɚɥɵɫɬɵɪԑɚɧɞɚɰɢɤɥɞɵԕ
ɜɚɪɢɚɰɢɹ ɬɟɦɩɟɪɚɬɭɪɚ ɠɚԑɞɚɣɵɧɞɚ  ɫɭɬɟɝɿ ԧɬɤɿɡɝɿɲɬɿɝɿɧɿԙ ɫɵɧԑɚɧԑɚ ɞɟɣɿɧ ɠԝɦɵɫ ɠɚɫɚɭ ɭɚԕɵɬɵɧɵԙ ɟɞԥɭɿɪ ɤԧɩ ԝɡɚԕɬɵԑɵɧ ɠԥɧɟ
ɫɭɬɟɝɿԧɬɤɿɡɲɬɤɿɤɬɿԙ ԝɡɚԕɬɵԑɵɧ ɤԧɪɫɟɬɟɬɿɧɿ  ɚɧɵԕɬɚɥɞɵ  Ȼԝɥ ԕԝɛɵɥɵɫ ԕɚɬɬɵ ɋ ɞɢɚɩɚɡɨɧ ɚɪɚɥɚԑɵɧɞɚԑɵ ɬɟɦɩɟɪɚɬɭɪɚɞɚ
ɬɚɧɬɚɥ ɠԥɧɟ ɧɢɨɛɢɣɞɚɫɭɬɟɝɿɧɿԙ ɟɪɭɿɧɿԙ ԥɪɬԛɪɥɿ ԧɡɝɟɪɭɿ ɚɪԕɵɥɵɬԛɫɿɧɞɿɪɿɥɟɞɿ ɛԥɥɤɿɦɫɭɬɟɝɿ ɞɢɮɮɭɡɢɹɵԕɩɚɥɟɬɟɞɿ ɬɚɧɬɚɥ ɠԥɧɟ
ɧɢɨɛɢɞɟɫɭɬɟɝɿɧɿԙɨɪɬɚɲɚɤɨɧɰɟɧɬɪɚɰɢɹɫɵɧɵԙɬԧɦɟɧɞɟɭɿɧɟɚɥɚɩɤɟɥɟɞɿɧԥɬɢɠɟɫɿɧɞɟɨɥɚɪɞɵԙɩɥɚɫɬɢɤɚɥɵԕԕɚɫɢɟɬɿɧɚɪɬɬɵɪɚɞɵ
Ɍɟɦɩɟɪɚɬɭɪɚɧɵɰɢɤɥɞɵԧɡɝɟɪɬɭɠɚԑɞɚɣɧɞɚɧɢɨɛɢɣɦɟɦɛɪɚɧɚɥɚɪɞɵԙɫɭɬɟɝɿԧɬɤɿɡɲɬɿɝɿɧɿԙɨԙɬɚɣɥɵɪɟɠɢɦɿɠԥɧɟɦɟɦɛɪɚɧɚɧɵԙɫɵɭԑɚ
ɞɟɣɿɧɝɿɚɪɚɥɵԑɵɤɉɚԕɵɫɵɦɞɚɋɚɥɬɚɧɬɚɥɛɨɣɵɧɲɚɋɠԥɧɟɤɉɚɆɟɦɛɪɚɧɚɧɵԙɫɭɬɟɝɿɦɟɧɛɚɣɥɚɧɵɫɵɧɚɧɤɟɣɿɧɛɟɬɿɧɡɟɪɬɬɟɭɨɥɚɪɞɵԙɠɚɪɵɥɭɵɧɵԙɧɟɝɿɡɝɿɫɟɛɟɛɿɦɟɦɛɪɚɧɚɧɵԙɤɟԙɟɸɿɤɟɡɿɧɞɟɬԛɡɿɥɟɬɿɧԕɚɬɩɚɪɥɚɪɞɵԙԕɢɵɥɵɫɵɧɞɚ
ɬɭɵɧɞɚɣɬɵɧɦɢɤɪɨɠɚɪɵԕɬɚɪɟɤɟɧɿɧɤԧɪɫɟɬɬɿɈɥԕɚɬɩɚɪɥɚɪɞɵԙԕɢɵɥɵɫɵɧɠԥɧɟɨɞɚɧԝɬɵɦɞɵɧɵɫɚɧɵɧɛɨɥɞɵɪɦɚɭԛɲɿɧɠɚԑɞɚɣ
ɠɚɫɚɭɚɣɬɚɪɥɵԕɬɚɣɫɭɬɟɝɿԧɬɤɿɡɝɿɲɬɿɝɿɧɟɦɟɦɛɪɚɧɚɥɚɪԕɵɡɦɟɬɦɟɪɡɿɦɿɧԝɥԑɚɣɬɭԑɚɦԛɦɤɿɧɞɿɤɛɟɪɟɞɿɞɟɩɤԛɬɿɥɭɞɟɌɚɧɬɚɥɦɟɧɧɢɨɛɢɣɦɟɦɛɪɚɧɚɥɚɪɵɧɵԙɛɟɬɿɧɿԙɬɟɯɧɢɤɚɥɵԕɬɚɡɚɫɭɬɟɝɿɦɟɧɛɚɣɥɚɧɵɫɵɧɞɚɠԝԕɚɬɨɬɵԕɬɵɩɥɟɧɤɚɦɟɧɠɚɛɵɥɚɞɵȻԝɥԝɡɚԕɭɚԕɵɬ
ɛɨɣɵɫɭɬɟɝɿԧɬɤɿɡɝɿɲɬɿɝɿɧɿԙɚɡɚɸɵɧɚԥɤɟɥɟɞɿ
Ɍԛɣɿɧɫԧɡɞɟɪɫɭɬɟɝɿԧɬɤɿɡɝɿɲɬɿɤɠԝԕɚɦɟɦɛɪɚɧɚɧɢɨɛɢɣɬɚɧɬɚɥɤɟԙɟɸɫɭɬɟɝɿ
ɊȿɁɘɆȿ
ȼɪɚɛɨɬɟɩɪɟɞɫɬɚɜɥɟɧɵɪɟɡɭɥɶɬɚɬɵɢɡɦɟɪɟɧɢɹɜɨɞɨɪɨɞɨɩɪɨɧɢɰɚɟɦɨɫɬɢɦɟɦɛɪɚɧɢɡɮɨɥɶɝɧɢɨɛɢɹɢɬɚɧɬɚɥɚɬɨɥɳɢɧɨɣ
ɦɤɦɂɡɦɟɪɟɧɢɹɛɵɥɢɩɪɨɜɟɞɟɧɵɜɚɬɦɨɫɮɟɪɟɜɨɞɨɪɨɞɚɬɟɯɧɢɱɟɫɤɨɣɱɢɫɬɨɬɵɩɪɢɩɥɚɜɧɨɦɫɧɢɠɟɧɢɢɬɟɦɩɟɪɚɬɭɪɵɫɩɨɫɥɟɞɭɸɳɟɣɢɡɨɬɟɪɦɢɱɟɫɤɨɣɜɵɞɟɪɠɤɨɣɢɜɭɫɥɨɜɢɹɯɰɢɤɥɢɱɟɫɤɨɝɨɤɨɥɟɛɚɧɢɹɬɟɦɩɟɪɚɬɭɪɵɉɨɤɚɡɚɧɨɱɬɨɧɚɜɨɞɨɪɨɞɨɩɪɨɧɢɰɚɟɦɨɫɬɶ
ɧɢɨɛɢɟɜɨɣɢɬɚɧɬɚɥɨɜɨɣɦɟɦɛɪɚɧɵɜɥɢɹɧɢɟɨɤɚɡɵɜɚɸɬɬɟɦɩɟɪɚɬɭɪɚɢɜɟɥɢɱɢɧɚɢɡɛɵɬɨɱɧɨɝɨɞɚɜɥɟɧɢɹɍɦɟɧɶɲɟɧɢɟɬɟɦɩɟɪɚɬɭɪɵɜɵɡɵɜɚɟɬɫɧɢɠɟɧɢɟɜɨɞɨɪɨɞɨɩɪɨɧɢɰɚɟɦɨɫɬɢɉɨɜɵɲɟɧɢɟɞɚɜɥɟɧɢɹɜɨɞɨɪɨɞɚɫɨɤɪɚɳɚɟɬɩɟɪɢɨɞɞɨɞɨɫɬɢɠɟɧɢɹɦɚɤɫɢɦɭɦɚ
ɜɨɞɨɪɨɞɨɩɪɨɧɢɰɚɟɦɨɫɬɢɗɬɨɭɤɚɡɵɜɚɟɬɧɚɬɨɱɬɨɭɜɟɥɢɱɟɧɢɟɩɟɪɟɩɚɞɚɞɚɜɥɟɧɢɹɝɚɡɚ ɭɫɤɨɪɹɟɬɧɚɫɵɳɟɧɢɟɦɟɦɛɪɚɧɵɜɨɞɨɪɨɞɨɦȼɟɥɢɱɢɧɵɜɨɞɨɪɨɞɨɩɪɨɧɢɰɚɟɦɨɫɬɢɢɩɪɨɞɨɥɠɢɬɟɥɶɧɨɫɬɢɪɚɛɨɬɵɦɟɦɛɪɚɧɵɞɨɪɚɡɪɭɲɟɧɢɹɹɜɥɹɸɬɫɹɜɡɚɢɦɨɫɜɹɡɚɧɧɵɦɢɑɟɦɛɨɥɶɲɟɩɨɬɨɤɜɨɞɨɪɨɞɚɱɟɪɟɡɦɟɦɛɪɚɧɭɬɟɦɛɵɫɬɪɟɟɩɪɨɢɫɯɨɞɢɬɟɟɪɚɡɪɭɲɟɧɢɟɉɪɢɮɭɧɤɰɢɨɧɢɪɨɜɚɧɢɢɦɟɦɛɪɚɧɜ
ɭɫɥɨɜɢɹɯɰɢɤɥɢɱɟɫɤɨɝɨɤɨɥɟɛɚɧɢɹɬɟɦɩɟɪɚɬɭɪɵɩɟɪɢɨɞɞɨɢɯɪɚɡɪɭɲɟɧɢɹɛɨɥɶɲɟɜɫɪɚɜɧɟɧɢɢɫɧɚɛɥɸɞɚɟɦɵɦɭɦɟɦɛɪɚɧɩɪɢ
ɩɥɚɜɧɨɦɫɧɢɠɟɧɢɢɬɟɦɩɟɪɚɬɭɪɵɫɩɨɫɥɟɞɭɸɳɟɣɢɡɨɬɟɪɦɢɱɟɫɤɨɣɜɵɞɟɪɠɤɨɣɗɬɨɹɜɥɟɧɢɟɨɛɴɹɫɧɟɧɨɫɭɳɟɫɬɜɟɧɧɵɦɢɡɦɟɧɟɧɢɟɦ
ɪɚɫɬɜɨɪɢɦɨɫɬɢɜɨɞɨɪɨɞɚɜɧɢɨɛɢɢɢɬɚɧɬɚɥɟɜɢɧɬɟɪɜɚɥɟɋȼɟɪɨɹɬɧɨɰɢɤɥɢɱɟɫɤɨɟɢɡɦɟɧɟɧɢɟɬɟɦɩɟɪɚɬɭɪɵɩɪɢɜɨɞɢɬɤ
ɫɧɢɠɟɧɢɸɫɪɟɞɧɟɣɤɨɧɰɟɧɬɪɚɰɢɢɜɨɞɨɪɨɞɚɜɧɢɨɛɢɢɢɬɚɧɬɚɥɟɢɤɚɤɫɥɟɞɫɬɜɢɟɩɨɜɵɲɚɟɬɢɯɩɥɚɫɬɢɱɧɨɫɬɶȼɭɫɥɨɜɢɹɯɰɢɤɥɢɱɟɫɤɨɝɨɢɡɦɟɧɟɧɢɹɬɟɦɩɟɪɚɬɭɪɵɨɩɬɢɦɚɥɶɧɵɟɜɨɞɨɪɨɞɨɩɪɨɧɢɰɚɟɦɨɫɬɶɢɩɟɪɢɨɞɞɨɪɚɡɪɭɲɟɧɢɹɦɟɦɛɪɚɧɵɢɡɧɢɨɛɢɹɞɟɦɨɧɫɬɪɢɪɭɸɬɜɢɧɬɟɪɜɚɥɟɋɩɪɢɞɚɜɥɟɧɢɢɤɉɚɚɦɟɦɛɪɚɧɵɢɡɬɚɧɬɚɥɚɜɢɧɬɟɪɜɚɥɟɋɢɤɉɚɂɫɫɥɟɞɨɜɚɧɢɟɩɨɜɟɪɯɧɨɫɬɢɦɟɦɛɪɚɧɩɨɫɥɟɤɨɧɬɚɤɬɚɫɜɨɞɨɪɨɞɨɦɩɨɤɚɡɚɥɨɱɬɨɨɫɧɨɜɧɨɣɩɪɢɱɢɧɨɣɢɯɩɪɨɪɵɜɚɹɜɥɹɸɬɫɹɦɢɤɪɨɬɪɟɳɢɧɵ
ɜɨɡɧɢɤɚɸɳɢɟ ɩɪɢ ɩɟɪɟɫɟɱɟɧɢɢ ɫɤɥɚɞɨɤ ɨɛɪɚɡɭɸɳɢɯɫɹ ɩɪɢ ɞɢɥɚɬɚɰɢɢ ɦɟɦɛɪɚɧɵ ɉɪɟɞɩɨɥɨɠɟɧɨ ɱɬɨ ɫɨɡɞɚɧɢɟ ɭɫɥɨɜɢɣ ɞɥɹ
ɩɪɟɞɨɬɜɪɚɳɟɧɢɹɩɟɪɟɫɟɱɟɧɢɹɫɤɥɚɞɨɤɢɢɯɛɨɥɟɟɭɩɨɪɹɞɨɱɟɧɧɨɝɨɮɨɪɦɢɪɨɜɚɧɢɹɩɨɡɜɨɥɢɬɫɭɳɟɫɬɜɟɧɧɨɭɜɟɥɢɱɢɬɶɪɟɫɭɪɫɪɚɛɨɬɵɜɨɞɨɪɨɞɨɩɪɨɧɢɰɚɟɦɵɯɦɟɦɛɪɚɧɉɪɢɤɨɧɬɚɤɬɟɫɜɨɞɨɪɨɞɨɦɬɟɯɧɢɱɟɫɤɨɣɱɢɫɬɨɬɵɩɨɜɟɪɯɧɨɫɬɶɦɟɦɛɪɚɧɢɡɬɚɧɬɚɥɚɢɧɢɨɛɢɹ
ɩɨɤɪɵɜɚɟɬɫɹɬɨɧɤɨɣɨɤɫɢɞɧɨɣɩɥɟɧɤɨɣɗɬɨɩɪɢɜɨɞɢɬɤɫɧɢɠɟɧɢɸɜɨɞɨɪɨɞɨɩɪɨɧɢɰɚɟɦɨɫɬɢɫɬɟɱɟɧɢɟɦɜɪɟɦɟɧɢ
Ʉɥɸɱɟɜɵɟɫɥɨɜɚɜɨɞɨɪɨɞɨɩɪɨɧɢɰɚɟɦɨɫɬɶɬɨɧɤɢɟɦɟɦɛɪɚɧɵɧɢɨɛɢɣɬɚɧɬɚɥɞɢɥɚɬɚɰɢɹɜɨɞɨɪɨɞ
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2ȽɨɫɭɞɚɪɫɬɜɟɧɧɵɣɭɧɢɜɟɪɫɢɬɟɬɢɦɒɚɤɚɪɢɦɚɋɟɦɟɣɄɚɡɚɯɫɬɚɧ

ȼɨɫɬɨɱɧɨɄɚɡɚɯɫɬɚɧɫɤɢɣɝɨɫɭɞɚɪɫɬɜɟɧɧɵɣɬɟɯɧɢɱɟɫɤɢɣɭɧɢɜɟɪɫɢɬɟɬɢɦȾɋɟɪɢɤɛɚɟɜɚ
ɍɫɬɶɄɚɦɟɧɨɝɨɪɫɤɄɚɡɚɯɫɬɚɧ HPDLO6DJGROGLQD#PDLOUX

ɉɈɅɍɑȿɇɂȿ7iN/Al2O3ɉɈɄɊɕɌɂɃɆȿɌɈȾɈɆɆȿɏȺɇɂɑȿɋɄɈȽɈ
ɋɉɅȺȼɅȿɇɂə
Ɋɟɡɸɦɟ ɉɪɟɞɫɬɚɜɥɟɧɵ ɪɟɡɭɥɶɬɚɬɵ ɢɫɫɥɟɞɨɜɚɧɢɹ ɦɨɪɮɨɥɨɝɢɢ ɩɨɜɟɪɯɧɨɫɬɢ ɢ ɦɟɯɚɧɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ ɩɨɤɪɵɬɢɣ 7L1$O2O3,
ɩɨɥɭɱɟɧɧɵɯ ɦɟɬɨɞɨɦ ɦɟɯɚɧɢɱɟɫɤɨɝɨ ɫɩɥɚɜɥɟɧɢɹ Ɇɋ  ɍɫɬɚɧɨɜɥɟɧɨ ɱɬɨ ɮɨɪɦɢɪɨɜɚɧɢɟ ɦɨɪɮɨɥɨɝɢɢ ɩɨɜɟɪɯɧɨɫɬɢ ɩɨɤɪɵɬɢɣ
ɢɡ ɩɨɪɨɲɤɨɜɵɯ ɦɚɬɟɪɢɚɥɨɜ ɧɚ ɩɨɞɥɨɠɤɟ ɡɚɜɢɫɢɬ ɨɬ ɷɮɮɟɤɬɢɜɧɨɫɬɢ ɩɪɟɛɵɜɚɧɢɹ ɤɨɦɩɨɧɟɧɬɨɜ ɩɨɪɨɲɤɚ ɜ ɡɨɧɟ ɞɢɧɚɦɢɱɟɫɤɨɣ
ɧɚɝɪɭɡɤɢ ɭɞɚɪɚ ɲɚɪɨɜ Ɋɟɧɬɝɟɧɨɮɚɡɨɜɨɟ ɢɫɫɥɟɞɨɜɚɧɢɟ 7L1$O2O3 ɩɨɤɪɵɬɢɣ ɩɨɤɚɡɚɥɨ ɭɲɢɪɟɧɢɟ ɞɢɮɪɚɤɰɢɨɧɧɵɯ ɩɢɤɨɜ ɱɬɨ
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