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The Effect of Aging on the Microstructure of Alloys (ТiСr1.8)100–xVx  

after Electrolytic Hydrogen Charging 

The microstructure transformation of ternary Ti-Cr-V alloys after introduction of hydrogen has been analyzed 

for a long time. Assessment of the impact of vanadium concentration and ratio of Ti and V concentrations on 

composition stability has been carried out. Investigated alloys system corresponds to relation (TiCr1.8)100–xVx. 

The atomic ratio Ti/Cr is constant. Vanadium content changes with the step 20 at.%. The hydrogen charging 

has been carried out in a thermostatic three-electrode electrochemical cell using 1M KOH electrolyte 

(ic = 10–30 mA/cm2) at 293 K for three hours. It was established that the hydrogen introduction leads to sur-

face migration of alloy components. Their distribution oscillates as time passed. This is due to the fact that 

hydrogen interacts differently with titanium and vanadium. The electrolytic hydrogen introduction initiates 

deformation of the crystal lattice and self-diffusion of alloy atoms. The statistically nonuniform distribution 

of electrolytic hydrogen increases the intensity of the process. The relaxation of internal stresses leads to fur-

ther redistribution of components. The observed changes depend on the vanadium content in the alloys and 

have a different character inside the grain and near grain boundaries. A significant change has been estab-

lished for (TiCr1.8)60V40. 

Keywords: (ТiСr1.8)100–xVx, alloys, electrochemical hydrogen saturation, stability, elements, concentration, 

self-diffusion. 

 

Introduction 

Body-centered cubic (bcc) alloys have been studied as hydrogen storage materials for a long time. As 

an example, the system of TiVCr alloys can absorb and store hydrogen better, than most metal compounds. 

In fact, basic elements of TiVCr alloys have broad mutual solubility in solid state and can form solid solution 

with bcc crystal structure. However, optimal conditions of TiVCr hydrogenation are determined by different 

external factors: method of alloy obtaining, heat treatment, etc. Reversible hydrogen absorption fully de-

pends on (Ti+V)/Cr ratio at normal conditions. Optimized alloy compositions demonstrate maximum of hy-

drogen absorption, which achieves 3.7 wt. % [1, 2]. Furthermore, for high and stable reversible properties 

(sorption/desorption of hydrogen) it is particularly important to have a stable and the same structure before 

each hydrogenation cycle. 

To propose a formula for the basic bcc alloys, that provide optimal properties for hydrogenation / dehy-

drogenation, it is necessary to understand well the progressive effect of the influence of the composition on 

the H-sorption parameters associated with the saturation conditions. The correlation between the relative 

amount of Ti, V elements in alloy and the stability of TiαVβCrγ-H hydrides formed in the gas-solid reaction 

was shown in [3]. Increasing of concentration of hydride forming elements (Ti, V) leads to decreasing of hy-

drides stability and the temperature of hydrogen desorption [3–5]. Moreover, the investigations of hydrogen 

diffusion characteristics to Ti-V binary system [6, 7] demonstrated dependence of hydrides stability on Ti/V 

ratio. This could mean that nature of chemical bonding into metal-hydrogen interaction also not the same for 

each element of the metal in ternary alloy. 

In this work, the effect of change in composition of (TiCr1.8)100–xVx system was researched. For this pur-

poses vanadium concentration in alloys was changed in the range from 0 to 60 at.%. Usually hydrogen sorp-

tion characteristics of alloys was studied by plotting diagrams “pressure–composition–temperature” as a re-

sult of hydrogen gaseous saturation of alloys under certain pressure at different temperatures [8–11]. As part 

of this work, the electrolytic saturation method was used, which allows the process to be carried out at room 

temperature [7, 12, 13] and there is the correspondence between cathode current density (electrochemical 
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method) and hydrogen partial pressure on the sample surface (gaseous saturation). In addition, the surface of 

sample is a barrier to hydrogen penetration into the material regardless of hydrogen saturation method, so it 

is possible to define surface condition and its influence on sorption characteristics of alloys by electrochemi-

cal method [13, 14]. 

Experimental 

The (TiCr1.8)100–xVx alloys were obtained in two steps. At the first step TiCr1.8 alloy (Laves phase, C14) 

was prepared in high-frequency melting furnace in a water-cooled crucible under argon atmosphere (compo-

nents purity ~99.97 %). The TiCr1.8 alloy was re-melted three times for homogeneity of structure. At the sec-

ond step TiαVβCrγ alloy was obtained by co-melting of the TiCr1.8 ingot and vanadium (99.99 % purity). The 

ratio of TiCr1.8 and V corresponds with the content of elements in ternary system (TiCr1.8)100–xVx (x = 20, 40, 

60). The samples were made in the CRETA laboratory (Center for National Research, Grenoble, France). 

The samples for electrochemical hydrogen saturation were cut from ingots by mechanical method. The 

surface of samples was treated by grinds “Sic-Paper” class 220÷1000 (grain diameter 100÷50 μm). After the 

samples were polished with discs “MC-Dac” (Struers) (grain size 9÷10 μm) and diamond paste “DiaDuo” 

(Diamond Suspension and Lubricant in One) by polishing machine “STRUERS LaboPol-2”, electrodes for 

electrochemical saturation were obtained from prepared samples. After hydrogen saturation the electrodes 

were stored in a desiccator. 

The electrochemical measurements were carried out in three-electrode electrochemical cell with cathod-

ic and anodic compartments separated by a porous glass diaphragm. The temperature of electrolyte was 

21±1 °C. The electrolyte was the 1M KOH solution prepared from high-purity reagent and de-ionized water. 

Hydrogen saturation condition (current of cathodic polarization) was chosen based on polarization studies 

conducted earlier [15]. Registration of cathodic polarization curves (rate of potential sweep 2 mV/sec) was 

carried out for determination of linear section (Tafel section). This section of potentials was used for electro-

chemical hydrogen saturation. Hydrogen saturation of samples was implemented at cathodic current density 

(ic = 10–30 mA/cm2) for three hours. As a result of electrochemical investigation the amount of reversible 

storage of hydrogen for all alloys was calculated [12, 16]. 

The microstructure study of samples surface before and after hydrogen saturation was carried out by 

scanning electron microscope “Hitachi” S-3400 with energy dispersing device, which allowed determining 

amount of alloys elements on the required point. 

Results and Discussion 

The following samples of (TiCr1.8)80V20, (TiCr1.8)60V40, (TiCr1.8)40V60 alloys were chosen for analysis of 

stability of microstructure after hydrogen saturation. These alloys were selected due to possibility of practical 

use because alloys with high vanadium content (80 at.% and higher) are much more expensive systems. For 

the other hand, Laves phase appears in alloy with low vanadium concentration (lower 20 at.%) [17]. Before 

hydrogen saturation all samples of alloys were tested by scanning electron microscope for determination of 

homogeneity of the material. Table 1 demonstrates the results (errors are obtained for each sample by aver-

aging 5 measurements). Figure 1 illustrates an example of the distribution of elements in the samples. 

 

 

Figure 1. Image of elements distribution in (TiCr1.8)80V20 (×1200) 
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T a b l e  1  

Composition of (TiCr1.8)100–xVx alloys and concentration of Ti, Cr and V in grain  

and on grain boundary before hydrogen saturation 

x,  

аt.% V 

Composition, at.% 

Elements of alloy Grade composition Initial 
Distribution of elements 

Grain Grain boundary 

20 

Ti 28.56 27.102.15 27.96±2.23 39.19 ±2.63 

Cr 51.44 52.474.13 51.05±3.40 46.01± 5.06 

V 20 20.433.78 20.99±6.23 14.80±5.80 

40 

Ti 21.42 20.602.43 20.01±2.06 31.89±2.48 

Cr 38.58 37.454.16 36.59±3.40 33.92±2.94 

V 40 41.956.00 43.36±6.10 34.17±5.91 

60 

Ti 14.28 13.770.93 11.32±1.13 18.44±1.87 

Cr 25.72 25.051.74 25.93±3.02 25.93±3.27 

V 60 61.183.93 62.76±4.80 55.62±6.15 

 

From these results, it can be concluded that all samples correspond to the specified composition within 

the scatter of results. It is important to emphasize that all of the alloys have a single-phase bcc structure; 

however, the heterogeneity in the distribution of the components between the grain (G) and near grain 

boundary (GB) exists. Furthermore, increasing of vanadium concentration leads to decreasing of the differ-

ence in distribution of elements between grain and grain boundary. This result was previously confirmed by 

SEM investigations in secondary electrons [15]. The results (Table 1) demonstrate that initial state of the 

(TiCr1.8)40V60 alloy (before hydrogenation) has more homogeneity structure than others. Figure 2 represents 

the results of investigation of the degree of homogeneity of elements distribution of the alloy in the process 

of aging after hydrogen saturation. After saturation, all samples were washed with de-ionized water and 

dried. Samples were stored in a desiccator between studies. The point on the vertical scale corresponding to 

“0” on the time scale indicates the amount of elements in initial state of the alloys. 

Experimental data demonstrate insignificant influence of the aging after charging with hydrogen on el-

ements distribution in alloys. However, there is an exception — it is (TiCr1.8)60V40 alloy (Fig. 2). This alloy 

has significant fluctuations all of elements near grain boundary and as well titanium inside of grain. The fact 

of oscillating change of crystal structure occurring in alloy after electrochemical hydrogen saturation was 

presented in studies [18, 19]. It should be pointed out that this effect can be caused by instability of structural 

states of microgroups of atoms due to the hydrogen charging method. Moreover, radii of titanium, vanadium 

and chromium atoms have close sizes (1.45, 1.31 and 1.25 Å, respectively) and ratio of these elements at 

grain boundary of (TiCr1.8)60V40 alloy is approximately equal, therefore is more likely formation of unstable 

complexes of hydrogen with a metal and/or with couple of metal-defect. In this case, defect can be any irreg-

ularity of the regular structure of the crystal lattice, for example, vacancy and dislocation. The existence of 

these defects is especially likely near the grain boundaries. There is a relaxation of internal stresses in the 

hydrogen-saturated alloy over time, and the system passes into the equilibrium state. 

On the other hand, there are no significant changes in the concentration of chromium in all the investi-

gated alloys. It can be assumed, that relaxation process exists not only because of decreases of “mechanical” 

stresses during hydrogen charging, but also because of influence of type of chemical bond between hydrogen 

and metal atoms of alloys. Hydrogen dissolves in vanadium and forms hydrides according to the principle of 

a solid solution [20]. The chemical bonding between the metal atom and hydrogen is observed for titanium 

hydride [20]. It is noticeable that metals in (TiCr1.8)100-xVx alloys are distributed statistically uniformly. How-

ever, it cannot be excluded that hydrogen distribution is not statistically even especially because of lack of 

saturate hydrogen saturation. In this case, unstable metal-hydrogen complexes will migrate and create anoth-

er character of local ordering because of the relaxation processes and self-diffusion of metal atoms. Appar-

ently, this phenomenon is observed in the experiment. 
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Figure 2. Influence of retention time of alloys samples after hydrogen saturation  

on character of element distribution in grain (a, c, e) and on grain boundary (b, d, f) 

Conclusions 

In this work, we investigated the effect of electrochemical hydrogen saturation on surface migration of 

components of (TiCr1,8)100–xVx alloys. Assessment of the impact of vanadium concentration and ratio Ti/V 

concentrations on composition stability was carried out. It was established that element distribution after hy-

drogen injection oscillates as time passed. Also, the electrolytic hydrogen introduction initiates deformation 

of the crystal lattice and self-diffusion of alloy atoms. The statistically nonuniform distribution of electrolytic 

hydrogen increases the intensity of the process. The relaxation of internal stresses leads to a further redistri-

bution of alloy components. The observed changes depend on the V concentration in the alloys and have a 

different character inside the grain and near grain boundaries. A significant change was established for 

(TiCr1.8)60V40. 
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Н.А. Медведева, А.А. Миронова, Н.Е. Скрябина,  

М.Д. Плотникова, Д. Фрушарт, М.Г. Щербань 

Сутегімен электролиттік қаныққаннан кейінгі (ТiСr1,8)100–xVx  

қорытпалар микроқұрылымының эволюциясы 

Ti-Cr-V үштік қорытпаларының сутегімен қанығуынан кейінгі микроқұрылымының өзгеруі бірнеше 

сағат бойы талданды. Қорытпадағы ванадий құрамының және Ti мен V-дің өзара қатынасының 

қорытпаның тұрақтылығына әсері бағаланды (қорытпа құрамдары %-бен берілген). Барлық зерттелген 

үлгілер үшін Ti және Cr мөлшерінің өзара қатынасы тұрақты болды. Мақалада (TiCr1.8)100–xVx құрамды 

қорытпалар зерттелді. Ванадий мөлшері 20 % қадаммен өзгерді. Қорытпа үлгілерін сутегімен 

қанықтыру 1 М KOH термостатталған үш электродты электрохимиялық ұяшықта катодтық токтың 

тығыздығы ic = 10–30 мА/см2 кезінде үш сағат бойы 293 К температурада жүргізілді. Сутекті енгізу 

нәтижесінде қорытпа компоненттерінің беттік миграциясы жүретіні анықталды. Олардың беткі 

қабатта таралуы уақыт бойынша тербеледі. Бұл сутегі қорытпаның құрамына кіретін титан және 

ванадиймен әртүрлі әрекеттесетініне байланысты. Қорытпаның сутегімен электролиттік қанығуы 

кристалдық тордың деформациясына және қорытпа атомдарының өздігінен диффузиясына әкеледі. 

Сутектің статистикалық біркелкі емес таралуы оны енгізудің бұл әдісімен процестің қарқындылығын 

арттырады. Ішкі кернеулердің босаңсуы компоненттердің қорытпаның бетінде одан әрі қайта 

бөлінуіне әкеледі. Байқалатын өзгерістер қорытпалардағы ванадийдің мөлшеріне байланысты және 

ішкі жағында сондай-ақ, шекара маңайында әртүрлі сипатта болады. (TiCr1,8)60V40. құрамының едәуір 

өзгергені анықталған.  

Кілт сөздер: (ТiСr1.8)100–xVx, қорытпалар, электрохимиялық гидрлеу, тұрақтылық, элементтер 

концентрациясы, өздігінен диффузия. 

 

Н.А. Медведева, А.А. Миронова, Н.Е. Скрябина,  

М.Д. Плотникова, Д. Фрушар, М.Г. Щербань 

Эволюция микроструктуры сплавов (ТiСr1,8)100–xVx  

после электролитического насыщения водородом 

Трансформация микроструктуры тройных сплавов Ti–Cr–V после их насыщения водородом анализи-

ровалась в течение нескольких часов. Была проведена оценка влияния содержания ванадия в сплаве и 

соотношения компонентов Ti и V на стабильность сплава (составы сплавов приведены в ат.%). Соот-

ношение количеств Ti и Cr было постоянным для всех исследованных образцов. В статье исследованы 

сплавы состава (TiCr1,8)100–xVx. Содержание ванадия изменялось с шагом в 20 ат.%. Насыщение образ-

цов сплавов водородом проводилось в термостатированной трехэлектродной электрохимической 

ячейке из 1 М КОН при плотности катодного тока ic = 10–30 мА/см2 в течение трех часов при 293К. 

Установлено, что введение водорода приводит к поверхностной миграции компонентов сплава. Их 

распределение по поверхности осциллирует во времени. Это связано с тем, что водород по-разному 

взаимодействует с титаном и ванадием, входящими в состав сплава. Электролитическое насыщение 

сплава водородом приводит к деформации кристаллической решетки и самодиффузии атомов сплава. 

Статистически неравномерное распределение водорода при таком способе его введения усиливает ин-

тенсивность протекания процесса. Релаксация внутренних напряжений приводит к дальнейшему пе-

рераспределению компонентов по поверхности сплава. Наблюдаемые изменения зависят от содержа-

ния ванадия в сплавах, имеют различный характер внутри зерна и вблизи межзёренных границ. Уста-

новлено значительное изменение состава (TiCr1,8)60V40. 

Ключевые слова: (ТiСr1.8)100–xVx, сплавы, электрохимическое наводороживание, стабильность, концен-

трация элементов, самодиффузия. 

 

 

References 

1 Itoh, H., Arashima, H., Kubo, K., & Kabutomori, T. (2002). The influence of microstructure on hydrogen absorption proper-

ties of Ti-Cr-V alloys. J. Alloys Compd, 330–332, 287–291. DOI: 10.1016/S0925-8388(01)01530-4 

2 Arashima, H., Takahashi, F., Ebisawa, T., Itoh, H., & Kabutomori, T. (2003). Correlation between hydrogen absorption 

properties and homogeneity of Ti–Cr–V alloys. J. Alloys Compd, 356–357, 405–408. DOI: 10.1016/S0925-8388(03)00363-3 

3 Skryabina, N.E., Fruchart, D., Miraglia, S., de Rango, P. & Shelyapina, M.G. (2011). Phase transformations in Ti-V-Cr-H 

composition. Solid State Phenomena, 70, 302–306. DOI: 10.4028/www.scientific.net/SSP.170.302. 

Buk
eto

v u
niv

ers
ity



The effect of aging on the microstructure of alloys … 

CHEMISTRY Series. No. 2(106)/2022 101 

4 Kurenkova, E., Vyvodtseva, A., Shelyapina, M.G., Chizhik, V.I., Ievlev, A.V., Skryabina, N.E., Aleksanyan, A.G., & 

Fruchart, D. (2013). H-NMR study of hydrogen site occupancy in hydrides of disordered. Solid State Phenomena, 194, 254–257. 

DOI: 10.4028/www.scientific.net/SSP.194.254 

5 Medvedeva, N.A., & Skryabina, N.E. (2013). Electrochemical behavior of Ti–V–Cr alloys in alkaline solution. Chem. Met. 

Alloys, 6, 158–162. Retrieved from http://www.chemetal-journal.org/ejournal13/CMA0253.pdf 

6 Skryabina, N.E., Fruchart, D., Shelyapina, M.G., Dolukhanyan, S., & Aleksanyan, A. (2013). Phases transformation in Ti-V-

H hydrides. J. Alloys Compds, 580, 94–97. DOI: 10.1016/j.jallcom.2013.03.114. 

7 Golovin, P.V., Medvedeva, N.A. & Skryabina, N.E. (2013).  Sorbtsionnaia sposobnost splava sostava TixV1–x pо оtnosheniiu 

k vodorodu [Sorption capacity of TixV1–x alloys in relation to hydrogen].  Kоndensirovannnye sredy i mezhfaznye granitsy – Con-

densed Matter and Interphases, 15, 2, 99–105. Retrieved from http://www.kcmf.vsu.ru/resources/t_15_2_2013_002.pdf [in Russian]. 

8 Akib, E. & Iba, H. (1998). Hydrogen absorption by Laves phase related BCC solid solution. Intermetallics, 6, 461–470. 

9 Cho, S., Han, C., Park, C., & Akiba, E. (1999). The hydrogen storage characteristics of Ti–Cr–V alloys. J. Alloys Compd, 

288, 294–298. DOI 10.1016/S0925-8388(99)00096-1. 

10 Kuriwa, T., Tamura, T., Amemiya, T., Fusa, T., Kamegawa, A., Takemura, T., & Okada, M. (1999). New V-based alloys 

with high protium absorption and desorption capacity. J. Alloys Compd., 293–295, 433–436. DOI: 10.1016/S0925-8388(99)00325-4 

11 Seo, C., Kim, J., Lee, P.S. & Lee. J. (2003). Hydrogen storage properties of vanadium-based b.c.c. solid solution metal hy-

drides. J. Alloys Compd., 348, 252–257. DOI: 10.1016/S0925-8388(02)00831-9. 

12 Krapivny, N.G. (1981). Opredelenie kineticheskih parametrov stadii proniknoveniia vodoroda v metally nestatsionarnym el-

ektrokhimicheskim metodom [Determination of kinetic parameters of the stage of penetration of hydrogen in metals nonstationary 

electrochemical method]. Elektrokhimiia ‒ Electrochemistry, 17, 5, 672–677 [in Russian]. 

13 Vigdorovich, V.I., Cygankova, L.E., Zarapina, I.V., SHel, N.V., & Matveeva, M.V. (2006). Nekotorye voprosy reaktsii 

vydeleniia vodoroda i ego diffuzii cherez stalnuiu membranu [Some questions of hydrogen evolution reaction and its diffusion 

through a steel membrane]. Izvestiia vysshikh uchebnykh zavedenii. Khimiia i khimicheskaia tekhnologiia ‒ Russian Journal of 

Chemistry and Chemical Technology, 49, 11, 86–92. Retrieved from https://cyberleninka.ru/article/n/nekotorye-voprosy-reaktsii-

vydeleniya-vodoroda-i-ego-diffuzii-cherez-stalnuyu-membranu [in Russian]. 

14 Vvedenskii, A.V., Gutorov, I.A., & Morozova, N.В. (2010). Kinetika katodnogo vydeleniia vodoroda na perekhodnykh 

metallakh.  I. Teoreticheskii analiz [The Kinetics of Cathodic Hydrogen Evolution on Transition Metals. I. Theoretical Analysis]. 

Kondensirovannye sredy i mezhfaznye granitsy – Condensed Matter and Interphases, 12, 3, 288–300 [in Russian]. 

15 Skryabina, N.E., Fruchart, D., Medvedeva, N.A., de Rango, P., & Mironova, A.A. (2017). Correlation between the Hydrogen 

Absorption Properties and the Vanadium Concentration of Ti-V-Cr Based Alloys. Solid State Phenomena, 257, 165–172. DOI: 

10.4028/www.scientific.net/SSP.257.165. 

16 Krapivny, N.G. (1982). Primenenie elektrokhimicheskoi ekstraktsii dlia izucheniia nаvоdоrоzhivaniia metallov [The use of 

electrochemical extraction to study hydrogenation metals]. Elektrokhimiia ‒ Electrochemistry, 18, 9, 1174–1178 [in Russian]. 

17  Patent No. 6153032 A US. Hydrogen-absorbing alloy and process for preparing the same / Toyota Jidosha Kabushiki Kai-

sha. Publ. 28.11.2000. 

18 Avdyukhina, V.M., Anishchenko, A.A., Katsnel'son, A.A., Olemskoi, A.I., & Revkevich, G.P. (2003). Diskretnyi kharakter 

nemonotonnykh strukturnykh prevrashchenii v sisteme Pd–Ta–H pri relaksatsii [Discrete character of nonmonotonic structural trans-

formations in the Pd-Ta-H system during relaxation]. Vestnik Moskovskogo gosudarstvennogo universiteta — Bulletin of Moscow 

State University. Series 3. Physics. Astronomy, 6, 62–67. Retrieved from PA.dvi (msu.ru) [in Russian]. 

19 Avdyukhina, V.M., Anishchenko, A.A., Katsnel'son, A.A., & Revkevich, G.P. (2003). Osobennosti indutsirovannoi 

vodorodom diskretnoi (pryzhkovoi) evoliutsii struktury v splavakh Pd–Ta–H i Pd–Mo–H [Specific Features of the hydrogen-induced 

discrete (jumplike) structural evolution in Pd-Ta-H and Pd-Mo-H alloys]. Fizika tverdogo tela ‒ Physics of the Solid State, 47(3), 

387–394. Retrieved from iss03-05.dvi (ioffe.ru) [in Russian]. 

20 Alefeld, G., & Völkl, J. (Eds.). (1978). Hydrogen in Metals. Application-Oriented Properties. Berlin: Springer-Verlag & New 

York, NY: Heidelberg. 

 

 

Information about authors* 

Medvedeva, Natalia Aleksandrovna (corresponding author) — Candidate of Chemical Sciences, As-

sociate Professor, Physical Chemistry Department, Perm State National Research University, 15 Bukireva 

st., 614990, Perm, Russia; e-mail: nata-kladova@yandex.ru; https://orcid.org/0000-0002-0042-5418; 

Mironova, Anastasiya Andreevna — Postgraduate student, Physical Chemistry Department, Perm 

State National Research University, 15 Bukireva st., 614990, Perm, Russia; e-mail: milissochka@mail.ru; 

https://orcid.org/0000-0002-9152-092X; 

Skryabina, Nataliya Evgen'evna — Doctor of Physical and Mathematical Sciences, Professor, Faculty 

of Physics, Perm State National Research University, 15 Bukireva st., 614990, Perm, Russia; e-mail: 

natskryabina@mail.ru; https://orcid.org/0000-0002-4009-406X; 

Buk
eto

v u
niv

ers
ity

https://cyberleninka.ru/article/n/nekotorye-voprosy-reaktsii-vydeleniya-vodoroda-i-ego-diffuzii-cherez-stalnuyu-membranu
https://cyberleninka.ru/article/n/nekotorye-voprosy-reaktsii-vydeleniya-vodoroda-i-ego-diffuzii-cherez-stalnuyu-membranu
https://phys.msu.ru/upload/iblock/27e/03-6-62.pdf
http://journals.ioffe.ru/articles/viewPDF/3745
https://orcid.org/0000-0002-0042-5418
mailto:milissochka@mail.ru
https://orcid.org/0000-0002-9152-092X
mailto:natskryabina@mail.ru
https://orcid.org/0000-0002-4009-406X


N.A. Medvedeva, A.A. Mironova et al. 

102 Bulletin of the Karaganda University 

Plotnikova, Mariya Dmitrievna — Candidate of Chemical Sciences, Assistant Professor, Physical 

Chemistry Department, Perm State National Research University, 15 Bukireva st., 614990, Perm, Russia; e-

mail: plotnikova-md@mail.ru; https://orcid.org/0000-0002-4050-5682; 

Fruchart, Daniel — Research Director at Department of QUEST, Institut Néel CNRS et UGA, BP 

166, 38042 Grenoble Cedex 9, France; e-mail: daniel.fruchart@neel.cnrs.fr; https://orcid.org/0000-0002-

2387-7089; 

Shcherban', Marina Grigor'evna — Candidate of Chemical Sciences, Assistant Professor, Physical 

Chemistry Department, Perm State National Research University, 15 Bukireva st., 614990, Perm, Russia; e-

mail: ma-sher74@mail.ru; https://orcid.org/0000-0002-6905-6622. 

___________________________________________________________ 
*The author's name is presented in the order: Last Name, First and Middle Names 

 

 

Buk
eto

v u
niv

ers
ity

mailto:plotnikova-md@mail.ru
https://orcid.org/0000-0002-4050-5682
mailto:daniel.fruchart@neel.cnrs.fr
https://orcid.org/0000-0002-2387-7089
https://orcid.org/0000-0002-2387-7089
mailto:ma-sher74@mail.ru
https://orcid.org/0000-0002-6905-6622



