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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
um of thickness. The measurements were carried out in a hydrogen atmosphere of technical purity with a smooth decrease in temperature
followed by isothermal aging and under conditions of cyclic temperature variation. It is shown that the temperature and the magnitude of
the excess pressure influence the hydrogen permeability of the niobium and tantalum membranes. A decrease in temperature causes a
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 val-
ues of hydrogen permeability and the duration of the membrane before destruction are interrelated. The more hydrogen flow through the
membrane, the faster it breaks down. When membranes function under cyclic temperature fluctuations, the period before their destruction
is longer compared to that observed in membranes with a smooth temperature decrease followed by isothermal aging. This phenomenon
is explained by a significant change in the solubility of hydrogen in niobium and tantalum in the range of 500-600 °C. Probably, a cyclic
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
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 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 pre-
vent the crossing of folds and their more orderly formation will significantly increase the service life of hydrogen permeable membranes.
Upon contact with technical grade hydrogen, the surface of the membranes of tantalum and niobium is coated with a thin oxide film. This

leads to a decrease in hydrogen permeability over time.
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Introduction. Analysis of literature data shows
that today in the world the most promising way to
produce ultrapure hydrogen is the process of separa-
tion of gas mixtures H +CO+CO,, 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
their operation significantly increases the cost of hy-
drogen. In this regard, the development of the hydro-
gen industry requires the development of new highly
efficient and inexpensive hydrogen permeable mem-
branes. Metals of the 5th group, in particular tantalum
and niobium, are substantially cheaper than palladi-
um and are characterized by high hydrogen-absorbing
ability [1-4]. This allows them to make membranes
for hydrogen purification, however, due to high hy-
drogen embrittlement and activity against such gases
as CO, O,, H,O at hydrogen diffusion temperatures,
the membranes from these metals change their char-
acteristics and fail. As a result of interaction with re-
active gases, as well as surface segregation of oxygen
dissolved in the lattice, the surface of these metals is
covered with an oxide film, which extremely hinders
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the catalytic dissociation of hydrogen molecules nec-
essary 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 hy-
drogen, the thickness of the oxide film increases [5].
However, if the pressure of the chemically active
gases is sufficiently low, and the temperature of the
membrane is high enough, such a film is practically
not formed on its surface. Moreover, it is known that a
thin oxide film leads the membrane to a superconduc-
tivity 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 H )0, CO,, O,, C H _is large, it is required to pro-
tect 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 met-
als of the 5 th group, coated with a thin layer of pal-
ladium, have been developed for a number of years
[6-14], but they have not yet found commercial appli-
cation. One of the problems facing the use of compos-
ite membranes from niobium and tantalum is the low
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thermal stability of the palladium coating, an insuffi-
cient obstacle to embrittlement of niobium and tan-
talum membranes at operating temperatures. Thus, it
was found [9] that even at T> 723 K, membranes from
palled niobium become brittle if the concentration of
dissolved hydrogen H / Nb exceeds 0.25-0.3. In or-
der not to exceed this maximum allowable concentra-
tion at the required pressures, the temperature should
be sufficiently high, for example, at a pressure of
10 atm. T> 1100 K for niobium.

The problem of using niobium and tantalum as a ma-
terial of hydrogen permeable membranes is very acute.
Its solution can have a significant impact
on the development of hydrogen energy in
the world. This makes it necessary to con-

a modulated temperature decrease, hydrogen perme-
ability first increases, reaching a maximum after 200-
500 s from the moment of contact of the membrane
with hydrogen, and then decreases to certain values,
the value of which under isothermal holding condi-
tions does not significantly decrease with the course
of time. In a number of cases, the destruction of the
membrane occurs even before the stabilization of hy-
drogen permeability.

The period before destruction depends insuffi-
ciently on the temperature of the start of the experi-
ment and the pressure.

Table 1 — Hydrogen permeability of membranes under conditions of modulated
temperature decrease followed by isothermal section

duct more in-depth studies of the behavior _ Time of |Hydrogen per-| Time to
of membranes based on niobium foils and Excess ;eg(g':r:r;uéﬁt Oy;;érrrggzn reaching the| meability | destruc-
tantalum under various conditions. hydrogen | i +'and iso- | permeability | MaXimum | P~ 10-10 un- | tion of
. . pressure, | o nal sec- P.10-10 of hydrogen |der isothermal| mem-
Experimental part. Experimental kPa tion °C. | mol/s-m-paos|PerMeability,|  conditions, | brane,
techniques and procedure. Experiments ’ sec mol/s'm-Pa®® | sec.
on the determination of the hydrogen Niobium foil 40 micron
permeablhty Of niobiurn and tantalurn 500 575: 525 1,35 700 0,55 - 0.62 4200
foils were f:amed out by the method and 500 578: 561 34 400 3atthe time | 680
on the equipment described in [15]. The (destruction) of destruction
niobium foil (99.5 wt% Nb) and tanta- 600 585; 552 3,1 350 2,35 950
lum (99.92 wt% Ta) foil thickness 40 + (destruction)
4 um produced by Ulba Metallurgical Tantalum foil 40 micron
Plant JSC were subjected to testing. The 500 480; 350 1,17 750 0,02 Has not
) . destruct-
foil was supplied in a roll of 120 mm eesdr:‘;
wide tape. The area of the membrane 12,300
subjected to the study had a round shape 700 565;527 6 200 2,7 1100
of o 80 mm. (destruction)
Measurement of hydrogen permeabili- 500 585; 557 3.3 420 2,4 1530

ty was carried out at an excess pressure of

hydrogen of grade B (GOST 3022-80) at

300, 400, 500, 600, 700 kPa and at the beginning of the
experiment 550, 565, 580 °C under conditions of uni-
form temperature decrease followed by isothermal aging
and under cyclic conditions temperature changes with
oscillations up to ~+20°. Simultaneously with the value
of the gas flow, the temperature of the base was fixed, to
which the membrane adhered. The tests were carried out
before the membrane burst. Hydrogen was additional-
ly subjected to water purification by passing it through
chilled to -40 °C aluminum chips.

Results and discussion. The results of measuring
the hydrogen permeability of membranes from niobi-
um and tantalum under conditions of modulated tem-
perature decrease followed by isothermal aging and
cyclic temperature fluctuations are presented in Ta-
bles 1 and 2. As follows from the data obtained, with

Under conditions of cyclic tests, the period of
change in hydrogen permeability coincides with
the period of temperature change of the membrane
with a slight shift of the curves relative to each oth-
er. Obviously, this is due to the inertia of the tem-
perature measurement. Practically in all the cases
considered, active hydrogen evolution occurs at
the stage of membrane heating and slowed down
upon cooling. In some cases, hydrogen cooling
completely stops when the membrane is cooled.
Advantageously, after the expiration of ~2000 s
from the moment of contact of the membrane with
hydrogen, the average value of hydrogen permea-
bility decreases slightly. With increasing tempera-
ture, there is a tendency to decrease the duration of
the membrane operation until the moment of de-
struction, and an increase in the excess pressure of
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hydrogen practically does not affect this. In a num-
ber 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
temperature and pressure are influenced by the hydro-
gen permeability of the niobium and tantalum mem-
branes. A decrease in temperature causes a reduction

Table 2 — Hydrogen permeability of membranes under cyclic temperature

in hydrogen permeability. In this case, the hydrogen
pressure has an indirect effect on the actual tempera-
ture in the chamber. Since the value of the thermal
conductivity of gases directly depends on the pres-
sure, 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.

changes On the temperature curves, this manifests
Excess | The tem- Interval Interval of vibra-| Time to | hydrogen %tself in the foqn of a .dl‘Op in the temperature
hydrogen| perature | and period, |tion of hydrogen| mem- |permeability| inthe chamber immediately after the hydrogen
pressure,| of the ex- | temperature | permeability brane |change char- inlet and its subsequent stabilization at a lower
kPa periment | fluctuations, | P-10°, mol/ | destruc- | acteristics K . .
start, °C | °C and sec s-m-Pa%s tion, s level (Figure 1 a). During cyclic temperature
Niobium foil 40 microns fluctuations, after the hydrogen is introduced,
500 545 510-520; from0.2t0 1.7 3700 Cyclic the mean temperature and the arnphtude Ofthe
~500 change in oscillations decrease (Figure 1 b).
600 | 550 | 512533 | from1t0o2.3 | 1500 ngrigofb?ﬁty Increasing the hydrogen pressure short-
~500 with a period| ~ ens the period until a maximum of hydrogen
300 565 537-552; | from 0.3t02.5 | 2350 | similar to permeability is reached, at which the mem-
~500 the oycle of | 1. nes are smoothly cooled (Table 2). This
500 565 525-540; from 0.6 to 4.2 2100 |temperature L. R . )
~500 change. indicates that an increase in the pressure
700 565 512-525 | from 0.05to0 1.3| 7000 ﬂ?er‘;“’;tahﬁ':g drop of the gas accelerates the saturation of
~250 éHatS nott stage and the membrane with hydrogen.
ez;‘;‘: " | decrease When comparing the values of hydrogen
with cooling. 15 ; _
300 | 585 | 569576, | from21037 | 1050 |Stabiization| Permeability and the duration of the mem
~500 after 400- brane before destruction, their direct depen-
400 585 560-570: | from3.5t04.8 | 850 tggomsoioemm dence is observed. The more hydrogen flow
~300 of contact through the membrane, the faster it breaks
600 585 558-568; from 1.1t0 2.7 1350 with hydro- down.
~500 gen The membranes under conditions of cy-
700 585 55533'288’ fom2.7t03.5 | 900 clic temperature fluctuation demonstrate a
Tantalum foil 40 microns mgmﬁfan‘ély tlonger dgratlon of 'operatl'(iﬁ
500 | 530 | 510-537; | from0.2t023 | 8300 | Cyclic prior 1o~ destruction, ‘1 comparison wi
~650 change in those observed under conditions of smooth
300 565 538-548; from0.4to 3 2400 pzrni;oagbeil?ty temperature decrease followed by isother-
~500 with a period mal aging. At the same tempere}ture range,
400 565 549-560; |from 0.3t02.25| 1600 similar to the average hydrogen flow rate is practical-
~500 tthe CYC": of | ly independent of the type of heating. The
500 565 525-537; |from 0.18to 1.5| Paspy- |€mperature : : : :
500 with a decrease | Wwerme change. Increase n th§ rn'ernbran.e' operating time
t0 0.1 He npo- | Growth in before destruction in conditions of tempera-
msowno | the heating | e flyctuations can be explained by the
uepes | stage and .. .
7000 ¢ | decrease significant dependence of hydrogen solubil-
it cooing. | e S
300 585 555568, | from 1.7t0 4.3 | 2200 \g'ttabﬁg; ;if;% ity in tantalum and niobium on temperature.
~500 after 400- Thus, according to the state diagram of the
400 585 555-568; | from2.2t04.3 | 900, | 500sfrom | Ta-H system, the solubility of hydrogen at
~500 from 1.2t0 3.6 | 1750, |the moment| 500 °C is 22 at.%, And at 600 °C, 12 at.%.
from 1.3 t0 3.4 4400 of contact .. ’ . -
with hydro- | Such a significant change in solubility, ap-
500 585 548-562; | from 1.3 t0 3.3 4000 tlv. helps t d th trati
~500 from 021016 | 8300 gen parently, helps to reduce the concentration
600 585 547565, | from 0.8102.7 | 2400 of hydrogen in tantalqm and n1.ob1um dgrmg
~500 thermal cycling, which provides a higher
700 585 | 540-557; | from0.2t0 1.7 | 3400 level of their plasticity.
~550
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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 permeabili-
ty and the period before destruction of the niobium
membrane show in the range of 535-555 °C at a pres-
sure 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
extraction from the installation by definition of hydro-
gen permeability showed that as a result of dilatation
they acquire a network of folds that form cells of var-
ious 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 over-
whelming majority of them microcracks appeared at
the intersection of folds (Figure 2). Since the disso-
lution 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-

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 condi-
tions to prevent the crossing of folds and their more
orderly formation will significantly increase the life
of hydrogen permeable membranes.

The difference in hydrogen permeability of mem-
branes revealed under the same experimental condi-
tions is due primarily to the difference in the prop-
erties 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 re-
duces the flow of hydrogen through the membrane,
which keeps its plasticity at a sufficiently high level.
The stresses arising during the formation of folds are
not sufficient for the initiation of a crack. The oxide
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
is confirmed by a decrease in hydrogen permeability
with time, and by a change in the color of the surface
of the membranes from tantalum.

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 mea-
sures. Providing an increase in the corrosion resistance
of the membrane surface facing the hydrogen-contain-
ing gas mixture will ensure the stability of the proper-
ties during their operation. The creation of conditions
for controlled deformation of membranes during dila-
tation will reduce the probability of formation of foci
of internal negative stresses that cause cracks in the
low-plastic membrane material. Cyclic temperature
changes can significantly increase the service life of
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 mem-
brane modular plants for the production of ultrapure
hydrogen made from metals with a sharply varying
hydrogen solubility as a function of temperature.

REFERENCES

1 Livshits A.l., Notkin M.E., Samartsev A.A. Physico-chemical
origin of superpermeability - large-scale effects of surface chemis-
try on «hot» hydrogen permeation and absorption in metals. Jour-
nal of Nuclear Materials. 1990. 170. 74-94. (in Eng.)

2 Livshits A., Sube F., Notkin M., Soloviev M., Bacal M. Plas-
ma driven suprerpermeation of hydrogen through group Va metals.
Journal of Applied Physics. 1998. 84. 2558-2564. (in Eng.)

3 Busnyuk A., Nakamura Y., Nakahara Y. etal. Membrane bias
effects on plasma-driven permeation of hydrogen through niobium
membrane. Journal of Nuclear Materials. 2001. 290-293. 57—60.
(in Eng.)

4 Hatano Y., Watanabe K., Livshits A. Effects of bulk impurity
concentration on the reactivity of metal surface: Sticking of hydro-
gen molecules and atoms to polycrystalline Nb containing oxygen.
Journal of Chemical Physics. 2007. 127. 204707-1-13. (in Eng.)

5 Gaseund Kohlenstoffin Metallen. Ed. By Fromm E., Gebhardt
E. Berlin: Springer, 1976. 747. (in Germ.)

6 Patent 3350845. US. Separation of Hydrogen by Permeation. /
Makrides A.C., Wright M.A., Jewett D.N.; publ. 07.11.1967, 8. (in Eng.)

7 Nishimura C., Komaki M., Amano M. Hydrogen Permeation
Characteristics of Vanadium-Nickel Alloys. Materials Transactions.
JIM.(The Japan Institute of Metals). 1991. 32. 5. 501-507. (in Eng.)

8 Amano M., Komaki M., Nishimura C. Hydrogen permeation
characteristics of palladium-plated V-Ni alloy membranes. Journal
of the Less-Common Metals. 1991. 172—174. 727-731. (in Eng.)

9 Buxbaum R.E., Marker T.L. Hydrogen transport through non-po-
rous membranes of palladium coated niobium, tantalum and vanadi-
um. Journal of Membrane Science. 1993. 85. 29-38. (in Eng.)

10 Edlund D.J., Friesen D., Johnson B., Pledger W. Hydro-
gen-permeable metal membranes for high-temperature gas sepa-
rations. Gas Separation & Purification. 1994. 8. 131-136. (in Eng.)

11 Edlund D.J., Mc Carthy J. The relationship between inter-
metallic diffusion and flux decline in composite-metal membranes:
implications for achieving long membrane lifetime. Journal of Mem-
brane Science. 1995. 107. 147-153. (in Eng.)

12 Peachey N. M., Snow R.C., Dye R.C. Composite Pd/Ta
metal membranes for hydrogen separation. Journal of Membrane
Science. 1996. 111. 123-133. (in Eng.)

13 Moss T.S., Peachey N.M., Show R.C., Dye R.C. Multilayer
metal membranes for hydrogen separation. International Journal of
Hydrogen Energy. 1998. 23. 2. 99-106. (in Eng.)

14 Buxbaum R.E., Kinney A.B. Hydrogen transport through tubu-
lar membranes of palladium-coated tantalum and niobium. /ndustrial &
Engineering Chemistry Research. 1996. 35. 530-537. (in Eng.)

15 Panichkin A.V., Derbisalin A. M., Dzhumabekov D.M., Alibe-
kov Zh.Zh., Imbarova A.T. Improvement of methodology and equip-
ment for determination of hydrogen permeability of thin flat metallic

membranes. Kompleksnoe ispol’zovanie mineral’nogo syr'ya =
Complex Use of Mineral Resources. 2017. 2. 46-52. (in Eng.)

JINTEPATYPA

1 Livshits A.l., Notkin M.E., Samartsev A.A. Physico-chemical
origin of superpermeability - large-scale effects of surface chemis-
try on «hot» hydrogen permeation and absorption in metals // Jour-
nal of Nuclear Materials. — 1990. — Vol. 170. — P. 74-94.

2 Livshits A., Sube F., Notkin M., Soloviev M., Bacal M. Plasma
driven suprerpermeation of hydrogen through group Va metals. //
Journal of Applied Physics. — 1998. — Vol. 84. — P. 2558—-2564.

3 Busnyuk A., Nakamura Y., Nakahara Y. etal. Membrane bias
effects on plasma-driven permeation of hydrogen through niobium
membrane // Journal of Nuclear Materials — 2001.— Vol. 290-293.
- P.57-60.

4 Hatano Y., Watanabe K., LivshitsA. etal. Effects of bulk im-
purity concentration on the reactivity of metal surface: Sticking of
hydrogen molecules and atoms to polycrystalline Nb containing
oxygen // Journal of Chemical Physics. — 2007. — Vol. 127. — P.
204707-1-13.

5 Gaseund Kohlenstoffin Metallen. Ed. By Fromm E., Gebhardt
E.. — Berlin: Springer, 1976. — 747p.

6 Patent 3350845. US. Separation of Hydrogen by Permeation.
/ Makrides A.C., Wright M.A., Jewett D.N.; publ. 07.11.1967, bull 8.

7 Nishimura C., Komaki M., Amano M. Hydrogen Permeation
Characteristics of Vanadium-Nickel Alloys // Materials Transac-
tions. JIM.(The Japan Institute of Metals) — 1991. — Vol. 32. N 5.
—P. 501-507.

8 Amano M., Komaki M., Nishimura C. Hydrogen permeation
characteristics of palladium-plated V-Ni alloy membranes // Journal
of the Less-Common Metals. — 1991. — Vol. 172-174. - P. 727-731.

9 Buxbaum R.E., Marker T.L. Hydrogen transport through non-po-
rous membranes of palladium coated niobium, tantalum and vanadi-
um // Journal of Membrane Science. — 1993. — Vol. 85. — P. 29-38.

10 Edlund D.J., Friesen D., Johnson B., Pledger W. Hydro-
gen-permeable metal membranes for high-temperature gas separa-
tions // Gas Separation & Purification. — 1994. — \ol. 8. — P.131-136.

11 Edlund D.J., Mc Carthy J. The relationship between inter-
metallic diffusion and flux decline in composite-metal membranes:
implications for achieving long membrane lifetime // Journal of
Membrane Science. — 1995. — Vol. 107. — P.147-153.

12 Peachey N. M., Snow R.C., Dye R.C. Composite Pd/Ta
metal membranes for hydrogen separation // Journal of Membrane
Science. — 1996. — Vol. 111. P. 123-133.

13 Moss T.S., Peachey N.M., Show R.C., Dye R.C. Multilayer
metal membranes for hydrogen separation// International Journal
of Hydrogen Energy. — 1998. — Vol. 23. N 2. — P. 99-106.

14 Buxbaum R.E., Kinney A.B. Hydrogen transport through
tubular membranes of palladium-coated tantalum and niobium// In-
dustrial & Engineering Chemistry Research. — 1996. — Vol. 35. — P.
530-537.

15 ManuukvH A.B., OepbucanvH A.M., Oxymabekos O.M.,
Annbekos XK., Mmbaposa A.T. CoBepLLUeHCTBOBaHNE METOOUKM
n obopyaoBaHua AnNs onpefeneHvns BOAOPOAONPOHMULAEMOCTU
TOHKMX MNOCckMx MembpaH // KomnnekcHoe mcnonb3oBaHWe MyUHe-
panbHoro cbipbs. — 2017. — Ne 2. — C. 46-52

TYWHOEME

Byn xymbicTa 40 MKM KanblHAbIKTafbl TaHTan XeaHe HMOGW donbranapbiHaH xacanfaH MmembpaHanapablH CyTerieTKI3riLTiriH enwey
HOTWKECI KepCeTinreH. Oniweynep TemnepaTtypaHblH y34iKCi3 ToMeHAeyMeH TeXHUKanblK Tasa cyTeri atMocdepacbiHaa N30TEPMUSTIbIK
yCcTay XaHe UMKk TemnepartypaHbiH e3repyi 6ombIHLWA Xypridingi. OHga HMobuWi XeHe TaHTan MmeMopaHanapbIHbIH, CyTerieTKI3riLuTiriHe
Temneparypa MeH apTblK KbICbIMbIHbIH MOrILLEPiH acepi Aen kepceTinreH. TemnepatypaHblH, TOMeHAeYi CyTeri oTKI3riLUTiriHiH ToMeHaeyiH

TyFbidagpl. CyTeri KbICbIMbIHbIH, ©CYi

CyTErieTKI3rilUTiH MakCuMym AeHreniHe AeniH Mep3iMiH azanTagbl. byn ras KblCbIMbIHbIH apTybl

MeMbOpaHaHbIH CyTeriMeH KaHbIKTbIPY AeHreviH Te3fdeTeTiHiH kepceTeai. MembpaHanapablH CbiHyFa OEWiHri XyMbIC Xacay Y3aKTbifbl
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MeH CbiHy MaHAepi 6ip-6ipimeH 6aiinaHbicTbl. MembpaHa apkbinbl CyTeri afbiHbl YIIKEH Keremae eTKeH calblH, OHbIH, By3binybl Xuinensi.
On, membpaHanap M30TepMUSIbIK 8CEepPiHEH KENiH TeMnepaTypaHbIH Teric ToMeHAeTy Gakbinay xafaanbiMeH canbICTbipFaHaa UMKNAbIK
Bapvauusa TemnepaTtypa XafgalblHAa CcyTeri eTKIsriLUTIriHIH CbIHFaHFa AeNiH XYMbIC Kacay YyakblTblHbIH €49Yip Ken Y3aKTbifblH XaHe
CYTErieTKI3LUTKIKTIH, Y3aKTbIFbIH KepCceTeTiHi  aHblkTangbl. byn kybbinbic katTel 500-600°C avana3oH apanarbiHAaFbl Temnepartypaga
TaHTan aHe HWobWiiga cyTeriHiH epyiHiH apTypni e3repyi apkbinbl TyciHAipineai, 6ankim cyteri Auddy3ns biknan etei, TaHTan xaHe
HMobuae cyTeriHiH opTalla KOHLEHTPaUUSAChIHbIH TOMeHAeYiHe anan Kenegi HaTWxkeciHae onapablH, NnacTukanblk KaCUeTiH apTTbipaabl.
TemnepatypaHbl LMKNAbl ©3repTy XafaanHaa H1obuin membpaHanapablH CyTerieTKi3LUTIriHIH OHTaNNbl PEXUMI )XeHe MeMOpaHaHbIH CblyFa
aeninri apanbirbl 500 kMa kbicbiMpaa 535-555°C , an TaHTan 6oibiHwa 555-568°C xaHe 300-500 klMa. MembpaHaHbIH cyTerimeH 6annaHbi-
CblHaH KeWiH BeTiH 3epTTey, onapAblH XapbinyblHbIH, Herisri cebebi MembpaHaHbIH KeHetloi KesiHae Ty3ineTiH kaTnapnapablH KUblbiCbiHAA
TYbIHOANTBIH MUKpOXapbIKTap ekeHiH kepceTTi. On kaTnapnapablH KUbIbIChIH XeHe OfaH yTbiMAbl HbiCaHbIH GonMAbIpMay YLUiH afaan
Xacay avTapnblKTai cyTeri-eTKi3riluTiriHe meMmbpaHanap KbI3MeT Mep3iMiH yrnFanTyra MyMKiHAIK 6epeai aen kyTinyae. TaHTan MeH Hu-
06un MembpaHanapblHbIH GETiHIH TexHuKanblk TazacyTeriveH G6annaHbiCbiHAA, KyKa TOTbIKTbI NeHKaMeH xabbinaabl. byn y3ak yakbIT
60Mbl cyTeri eTKi3riwTiriHiH a3atobiHa aKkeneai.

TywniH ce3pep: CyTerioTKi3riLTiK, XXyka MeMbpaHa, HNOOUIN, TaHTan, KeHeto, CyTeri.
PE3IOME

B pabote npefctaBneHbl pe3ynbTatbl U3MEpPEHUsi BOAOPOAONPOHULLAEMOCTM MeMbpaH U3 onbr HIObUS 1 TaHTana TonwmHon 40
MKM. Vi3mepeHusi 6binn npoBedeHbl B aTMocepe BOAOPOAA TEXHUHECKOW YUCTOThI NPU NaBHOM CHYDKEHUW TemnepaTypbl ¢ nocneayto-
LLIel N30TEPMUYECKON BbIAEPXKON N B YCMOBUSIX LMKNNYeckoro konebanus temneparypsbl. [okasaHo, 4TO Ha BOAOPOAONPOHULIAEMOCTb
H1oBKeBOW 1 TaHTaNoBOW MeMOpaHbl BMUSIHE OKa3blBaloT TemnepaTypa 1 BenmymHa n3bbITOYHOro AaBreHns. YMeHbLLEHNE TemnepaTy-
pbl BbI3bIBAET CHWDKEHVE BOAOPOAONPOHMLEaeMocTy. MNoBbilLeHne AaBneHns Bogopoaa cokpalluaeT Nepyof A0 AOCTKEHNS MakcMyma
BOAOPOAONPOHML@EMOCTU. DTO yKa3blBaeT Ha TO, YTO yBenuYyeHne nepenaga AaBneHUs ra3a yCKopsieT HacblleHne meMbpaHbl BoAo-
poaoM. BennmuuHbl BOAOPOAONPOHULIAEMOCTU U MPOACIPKUTENBHOCTY paboTbl MeEMOPaHbl 40 pa3pyLUEeHUS SBMSAOTCA B3aMMOCBSI3aHHbI-
Mu. Yem Bonblue NOTOK BOAOPOAA Yepe3 membpaHy, TeM ObicTpee npomcxoamT ee paspylueHue. Mpu yHKUMOHMPOBaHUM MembpaH B
YCMOBUSIX LIMKMMYECKOro KonebaHna TemnepaTypbl nepuog A0 UX paspylueHus borbliue B CpaBHEHUN C Habnogaembim y MembpaH npu
NnaBHOM CHWXKEHWUW TemnepaTypbl C nocneaytoLLlei N30TePMUYECKO BbIAEPXKKON. DTO ABMNeHne 0ObACHEHO CYLLEECTBEHHbIM U3MEHEHNEM
pacTBOPUMOCTN BOAOPOAA B HOOUM 1 TaHTane B uHTepsane 500-600 °C. BepoATHO, LMKNUYeCcKoe N3MeHeHre TemnepaTypbl NPUBOAUT K
CHWXEHWIO CpeaHeln KOHLeHTpaLuy Boaopoaa B HMObMM 1 TaHTane v Kak CreacTBue NoBbIWAET UX NNacTUYHOCTb. B ycrnosusx umknuye-
CKOro M3MEHEHNs TemnepaTtypbl ONnTUManbHble BOAOPOAONPOHULLAEMOCTb ¥ Nepuoa A0 pa3pyLUeHns MemobpaHbl U3 HMObMS AeMOoHCTpU-
pytoT B nHTepsane 535-555 °C npu gasnenun 500 klMa, a MembpaHbl U3 TaHTana B nHtepsane 555-568 °C n 300-500 klMa. Nccneposa-
HVe NOBEepPXHOCTN MembpaH nocrie KoOHTakTa ¢ BOAOPOAOM MoKasano, YTO OCHOBHOWM MPUYMHON UX MPOpPbIBa ABMASOTCA MUKPOTPELLMHDI,
BO3HUKaIOLLME MpU MepecedeHnn ckrnagok, obpasyowmxcs npu gunataumm memb6padbl. [pegnonoxeHo, YTo cos3gaHne ycrioBui Ans
npeaoTBpaLLeHnst nepeceveHns cknagok 1 nx bonee ynopsigodeHHoro hopMmpoBaHmnsi NO3BOSUT CyLLECTBEHHO yBeNMunTbL pecypc pabo-
Tbl BOAOPOAONPOHML@eMbIX MemMbpaH. Npy KOHTakTe ¢ BOAOPOAOM TEXHUYECKOW YUCTOTbI MOBEPXHOCTb MEMOpaH M3 TaHTana n HMobus
NOKPbIBAETCH TOHKOW OKCUZAHOM MIIEHKON. TO NPUBOAMUT K CHUXXEHUIO BOAOPOAONPOHMLIAEMOCTU C TEYEHUEM BPEMEHM.

KnioueBble crnoBa: BOAOPOAONPOHNLIAEMOCTb, TOHKME MeMbBpaHbl, HMOOWUIA, TaHTan, gunaTtauusl, Bogopos
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IMMOJYYEHHE TiN/ALQO, HNOKPBITUA METOJIOM MEXAHUYECKOI'O
CIUTABJIEHUA

Pestome: [lpeacTtaeneHbl pesynbratbl UCCMEOOBaHWs MOPEONOrUM MOBEPXHOCTU M MexaHudeckue cBoicTea nokpbituin TiN/ALO,,
Nony4YeHHbIX MeToAoM mexaHudeckoro crnaeneHus (MC). YctaHoBneHo, 4To chopMupoBaHMe MOpdONoruy NOBEPXHOCTU MOKPbLITUIN
13 MOPOLUKOBbIX MaTepuarnoB Ha MOAJOXKE 3aBUCUT OT ahdeKTUBHOCTU NpebbiBaHNS KOMMOHEHTOB MOPOLLKA B 30HE AVUHaMUYECKON
Harpysku yaapa wapos. PentreHodasoBoe nccrneposaHue TiN/ALO, MOKpbITMIA MoKasano ywupeHue AUMPaKUMOHHBIX MUKOB, YTO
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