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Abstract—High-temperature electrochemical synthesis and currentless transfer in molten salts were used to 
obtain coatings constituted by carbides of refractory metals (Mo2C, Cr7C3, NbC, and TaC). It was found that the 
Mo2C/Mo composite synthesized from a chloride-carbonate-molybdate melt has the highest catalytic activity. 
It was shown that the Mo2C catalytic coating preserves its properties for at least 5000 h of tests. The protective 
properties of refractory metal carbides of composition Cr7C3, NbC, and TaC signifi cantly improve the corrosion 
resistance of steel articles in concentrated solutions and raise their wear resistance by an order of magnitude.
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At present, a tendency is observed in industrially 
developed countries toward replacement of expensive 
alloyed steels with inexpensive steels having coatings 
composed of refractory metals or compounds of these, 
which will determine the surface properties of the whole 
construction [1–3].

Carbides of refractory metals (Nb, Ta, Mo, Cr, etc.) 
have high hardness, wear resistance, and corrosion 
resistance, which enables their application as protective 
coatings on articles working in a corrosive medium with 
abrasive wear [4, 5].

Refractory metal carbides, including those in the 
form of coatings, are successively used in catalysis. 
For example, the Mo2C/Mo composite can be used as 
a catalyst for the water-gas shift reaction (WGS) [6–8].

There exists a large number of ways to deposit coat-
ings of refractory metal carbides [9]. In each particular 
case, the choice of the deposition method is to be made 
with consideration for the future working conditions. 
Among these methods, mention should be primarily 
made of the so-called CVD (chemical vapor deposi-
tion) techniques. These methods use intricate hardware, 
are expensive, and have characteristics temperatures 

higher than 1000°C, with the last circumstance result-
ing in an active diffusion interaction of coatings with 
a substrate. These techniques cannot be used to obtain 
coatings on large-area articles or produce even coatings 
on intricately shaped articles [10]. The process of joint 
plastic deformation involves intermittent annealings in 
a vacuum or inert atmosphere. The explosive cladding is 
not applicable, either, in the case of intricately shaped or 
very long articles. The standard methods with reduction 
of refractory metal oxides with graphite at 1673–2073 K 
are also rather cost intensive.

At the same time, refractory metal carbides can be 
produced by high-temperature electrochemical synthesis 
in molten salts. This method has the following advantages.

– The electrolysis of melts with pulse and reverse 
currents enables easy control over the structure of 
deposits; thickness, porosity, roughness, and texture of 
plated coatings; and grain size.

– The synthesis temperature is comparatively low: 
973–1123 K.

– The electrodeposition parameters determined 
on laboratory setups can be transferred to large-scale 
installations.
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– The coatings are highly pure even with poor-quality 
starting reagents because metals are refi ned in the course 
of electrolysis.

– The maintenance expenditure and the cost of the 
electrochemical apparatus are low.

Refractory metal carbides can also be synthesized 
by the method of currentless transfer [11, 12]. The 
currentless transfer method is an electrochemical 
technique and the processes occurring in this case obey 
laws of electrochemical thermodynamics, kinetics, and 
reactive diffusion in solids. With the currentless transfer 
method, a more electronegative metal is deposited 
onto the electropositive substrate, with the metal being 
deposited interacting with the substrate to give a surface 
diffusion alloy-coating. The driving force of this process 
is the alloying energy. This method can be successfully 
used to synthesize protective coatings well adhering to 
a substrate [12].

The Mo2C coating has been produced by high-
temperature electrochemical synthesis from a NaF–LiF–
Na2MoO4–Na2CO3 salt melt at a temperature of 1173 K 
and cathodic current density of 80 mA cm–2 on a glassy-
carbon cathode [13]. In [14], Mo2C was synthesized 
from a Na2WO4–Li2MoO4–Li2CO3 electrolyte. It has 
been found that electrolytic Mo2C coatings have a high 
microhardness and wear resistance. However, there are no 
data on the catalytic activity of the coatings in [13, 14]. 
We are not aware of any reports, except our own studies, 
concerned with the synthesis of thin-fi lm coatings of 
chromium, niobium, and tantalum carbide produced on 
steels by the currentless transfer method and with the 
properties of these coatings.

The present report briefl y reviews studies in which 
refractory metal carbides were produced for various 
functional purposes by the methods of high-temperature 
electrochemical synthesis and currentless transfer in 
molten salts.

EXPERIMENTAL

The procedure used to prepare salts of alkali metal 
chlorides was described in detail in [8].

Li2CO3 and Na2MoO4 were dried in a vacuum box at 
473 K for 6 h.

Li2C2 was synthesized in situ from a melt of the LiCl–
KCl eutectic via discharge of Li+ cations on a graphite 
cathode with cathode current density of 2 A cm–2.

Chromium chloride CrCl3 of chemically pure grade 
was used without additional purifi cation.

Potassium heptafl uorotantalate (K2TaF7) and potassium 
heptafl uoroniobate (K2NbF7) produced at the pilot shop 
of the Institute of Chemistry and Technology of Rare 
Elements and Mineral Raw Materials, Kola Scientifi c 
Center, Russian Academy of Sciences, were recrystallized 
in a hydrofl uoric acid solution, washed with ethanol, 
and dried in a vacuum box at 383–393 K [11, 15, 16]. 
The electrochemical synthesis of molybdenum carbide 
coatings on a molybdenum substrate was performed 
by galvanostatic electrolysis with the following molten 
salt systems: NaCl–KCl–Li2CO3, NaCl–KCl–Li2CO3–
Na2MoO4, and LiCl–KCl-Li2C2 at a temperature of 
1123 K in the course of 7 h at a cathodic current density 
of 5 mA cm–2.

Electrochemical studies were carried out with an 
AUTOLAB PGSTAT 20 potentiostat with a GPES (version 
4.4) applied software package. All the experiments were 
performed in the atmosphere of argon of pure grade, which 
passed, before being delivered into the electrochemical 
cell, through a titanium sponge heated to a temperature 
of 1073 K. The working electrodes with diameter of 
2 mm, made of molybdenum, ARMKO iron, and carbon 
steels, were polished to mirror shine with diamond pastes 
and degreased in ethanol with the use of an ultrasonic 
treatment. A glassy carbon crucible served as the auxiliary 
electrode. Cyclic voltammetric curves were recorded on 
a molybdenum cathode relative to a platinum reference 
quasi-electrode [8]. In chronopotentiometric studies, the 
role of an electrode was played by metallic chromium 
deposited by galvanostatic electrolysis (current density 
0.2 A cm–2, temperature 1023 K, electrolysis duration 
10 min) on a molybdenum bar [17].

The cathodic products were identifi ed with a DRON-2 
X-ray diffractometer with monochromatic CuKα radiation 
at a scanning rate of 0.25 deg min–1. The microstructure 
of the coatings was examined with an SEM LEO-420 
digital scanning electron microscope.

The specifi c surface area of the Mo2C/Mo composite 
was measured by the BET method with a Micromeritics 
ASAP 2010 V4.00 C surface analyzer.

The corrosion rate was determined gravimetrically 
with cylindrical samples 30 mm long and 7 mm in 
diameter, preliminarily thoroughly degreased in ethanol. 
Corrosion tests were made at a temperature of 293 ± 
1 K and exposure duration of 48 h.  After the corrosion 
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products were mechanically removed, the samples were 
weighed on an analytical balance with accuracy as good 
as 1 × 10–5 g.

Wear-resistance tests of coatings on St.3 steel were 
made with an SMTs-2 machine under a specifi c load of 
5 MPa in transformer oil at a sliding rate of 1.2 m s–1 on 
a route length of 2000 m. A sample of St.3 steel served 
as a counter body.

RESULTS  AND  DISCUSSION

Catalytic coatings. The processes in which Mo2C 
catalytic coatings were synthesized on a molybdenum 
substrate were studied by cyclic voltammetry.

It was found by using the diagnostic criteria of 
the method of cyclic voltammetry that molybdenum 
semicarbide is formed in a chloride-carbonate melt 
[system (I)] by the following electrochemical reactions 
[18]:

CO2 + 4e + 2Mo → Mo2C + 2O2–,                        (1)

CO3
2– + 4e + 2Mo → Mo2C + 3O2–.                      (2)

The electrochemical reaction (1) is preceded by the 
chemical reaction

CO3
2– →← CO2 + O2–.                         (3)

In  the  NaCl–KCl–Li 2CO 3–Na 2MoO 4 mel t 
[system (II)], molybdenum semicarbide is formed in 
the joint electroreduction of Co3

2– and MoO4
2–, together 

with the electrochemical processes (1) and (2), by the 
reaction [19]:

2MoO4
2– + CO3

2– + 16e → Mo2C + 11O2–.          (4)

In the LiCl–KCl–Li2C2 chloride-carbide melt [system 
(III)], the synthesis of Mo2C is possible in the case of an 
anodic polarization of the molybdenum substrate. The 
dissociation of lithium carbide in the LiCl–KCl–Li2C2 
melt yields electrochemically active C2

2– species, which 
are oxidized on molybdenum [8]:

C2
2– – 2e + 4Mo → 2Mo2C.                     (5)

The X-ray diffraction patterns of Mo2C coatings 
obtained on a molybdenum substrate for systems (I) 
and (III) contain lines of metallic molybdenum, these 
lines being absent for system (III). This indicates that 
the thickness of coatings produced from melts (I) and 
(III) markedly differs from that of the Mo2C coating 
synthesized in system (II).

The thicknesses of Mo2C coatings produced from 
systems (I) and (III) were about 0.5–2.0 and 0.3–0.5 μm, 
respectively, because refractory metal carbides form 
excellent barrier layers and the mutual diffusion 
coeffi cients of molybdenum and carbon decrease by 
several orders of magnitude. The specifi c surface area 
of the coatings was 18 m2 g–1 for synthesis in melt (I) 
and 11 m2 g–1 for that in electrolyte (III). The joint 
electroreduction of MoO4

2– and CO3
2– ions [system (II) 

yielded Mo2C coatings with thickness of about 25–50 μm 
and specifi c surface area of 38 m2 g–1 [19].

In all cases, molybdenum semicarbide with a hexagonal 
crystalline lattice was obtained. Mo2C with a hexagonal 
lattice is formed in the course of electrochemical synthesis 
due to the specifi c conditions of the electrocrystallization 
process, such as the action of an electric fi eld and a high 
temperature and the existence of a double layer.

We examined the catalytic activity of the Mo2C/MO 
composites synthesized in the study by measuring the 
steady-state rates of WGS reaction [8]. The steady-state 
rates for the Mo2C/Mo composite synthesized in melts 
(I) and (II) were, respectively, one and three orders of 
magnitude higher than that for the bulk Mo2C phase 
with specifi c surface area of 61 m2 g–1 [20], obtained by 

Fig. 1. VCR rate as a function of temperature T on varius 
catalysts. Reaction conditions: pCO = 300 Pa, pH2O = 760 Pa, 
pCO2 = 1.2 kPa, pH2 = 40 kPa, He for balance, gas fl ow rate 
50 cm3 min–1 (s.c.) (Q) CO expenditure.

Q, μmol s–1

T, K

Mo2C system (I)
Mo2C system (II)
Mo2C system (III)
Mo2C bulk
Cu/ZnO/Al2O3
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using a temperature-programmed reaction and Cu/ZnO/
Al2O3 industrial catalyst (Fig. 1). The steady-state rate of 
the water-gas shift reaction for the Mo2C/Mo composite 
produced from the molten system (III) was somewhat 
lower than that for the industrial Cu/ZnO/Al2O3 catalyst 
(Fig. 1) because of the insignifi cant thickness of a coating 
and its small specifi c surface area. The high catalytic 
activity of Mo2C coatings deposited from systems (I) and 
(II) is accounted for, despite their substantially smaller 
specifi c surface area as compared with the bulk Mo2C 
phase, by the presence in the latter of 5–7 wt % Mo2C 
with cubic lattice, which leads to a signifi cant decrease 
in the activity and stability of the catalyst.

No methane was formed in the whole temperature 
range in which Mo2C/Mo coatings were tested. The 
catalytic activity remained constant during 5000 h 
of tests. The coatings also remained stable in cyclic 
temperature tests, whereas the activity of industrial 
catalysts decreased.

A highly active and stable Mo2C/Mo catalytic system 
was used to design and fabricate a microstructured 
reactor–heat exchanger for the water-gas shift reaction 
[8, 21].

Protective coatings. Chromium was electrodeposited 
from an equimolar NaCl–KCl mixture with 2.0–5.0 wt % 
CrCl3, which is in equilibrium with metallic chromium. 
In a melt of this kind, the following metal–salt reaction 
occurs  [22]:

2Cr3+ + Cr →←  3Cr2+,                         (6)

with the equilibrium of this reaction being fully shifted 
to the right, which is confi rmed by the 1.5-fold increase 
in the chromium concentration in the melt.

The charging curves (cathodic chronopotentiograms) 
on electrodes made of ARMKO iron and St.3 steel were 
recorded at a temperature of 1023 K and current density 
of 5 × 10–3 A cm–2 until the potential difference between 
the cathode and chromium reference electrode became 
zero. After that the electrolytic cell was disconnected 
and the switch-off curve (anodic chronopotentiogram) 
was recorded. Preference was given to measuring the 
switch-off curves because of their better reproducibility, 
compared with charging curves.

The switch-off curve obtained on the electrode made 
of ARMKO iron (Fig. 2) has no potential delay plateaus. 
This means that chromium and iron form no intermetallic 
compounds and solid solutions have no two-phase 
regions. This conclusion agrees with the equilibrium 
constitution diagram of Fe–Cr [23].

The chronopotentiogram obtained on a St.3 electrode 
(Fig. 3) shows three potential-delay plateaus (a, b, 
c), which correspond, according to the equilibrium 
constitution diagram of chromium–carbon [23], to the 
formation of, respectively, two-phase regions Cr23C6 + 
Cr7C3, Cr7C3 + Cr3C2, and Cr3C2 + C. A potentiostatic 
electrolysis at the plateau potentials (Fig. 3) resulted in 
that cathodic deposits of the following compositions were 
formed: carbides of composition Cr23C6 + Cr7C3 at the 

Fig. 2. Chronopotentiogram of the NaCl–KCl–CrCl2 (4.5 wt %) 
melt. Working electrode, ARMKO iron; reference electrode, 
chromium; temperature 1023 K. (E) Potential and (τ) time; the 
same for Fig. 3.

T, K
T, K

τ, s

Fig. 3. Chronopotentiogram of the NaCl–KCl–CrCl2 (4.5 wt %) 
melt. Working electrode, St.3 steel; reference electrode, 
chromium; temperature 1023 K.

τ, s

a

b

c
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potential corresponding to plateau a, two-phase carbide 
product Cr7C3 + Cr3C2 at the potential of plateau b, and 
carbide Cr3C2 + C at potential c.

Because the cathodic deposit was two-phase as a result 
of the electrodeposition of refractory metal carbides, 
chromium carbides coatings were synthesized by the 
currentless transfer method. A NaCl–KCl equimolar 
mixture with addition of 10 wt % CrCl3 and excess 
amount of metallic chromium served as the melt. Prior 

to the beginning of a synthesis, the melt was kept for 2 h. 
The synthesis was performed at a temperature of 1123 K 
in the course of 8 h. Because the equilibrium of reaction 
(6) is nearly fully shifted to the right [22], chromium is 
present in the melt only as Cr2+ cations. The Cr2+ cations 
in the lowest oxidation state diffuse to the steel substrate 
and are disproportionated on its surface to give chromium 
carbide [11, 17]:

21Cr2+ + 3C(steel surface) → Cr7C3 + 14Cr3+.        (7)

The driving force of reaction (7) is the carbide-for-
mation energy ΔGCr7C3, Cr3+ cations formed by reaction 
(7) diffuse toward metallic chromium and, entering into 
an interaction with it by reaction (6), formed reduced 
cations Cr2+. Thus, the process in which chromium is 
transferred to the surface of carbon steels forms a cycle. 
The carbides NbC and TaC were also synthesized by cur-
rentless transfer in NaCl–KCl–K2MeF7 (30 wt %) molten 
salts brought in contact with their metals (M = Nb, Ta). 
The mechanism by which niobium and tantalum carbides 
are formed is similar to that considered above, and can 
be described, e.g., for niobium carbide by the following 
reaction [24, 25]:

Nb5+ + Nb → 5Nb4+,                         (8)

5Nb4+ + C(steel surface) → NbC + 4Nb5+,           (9)

Nb + C → NbC.                          (10)

Micrographs of NbC coatings formed at various 
synthesis durations on St.3 steel are shown in Fig. 4. The 

Fig. 4. Morphology of a steel substrate upon (a) 3 h keeping in a NaCl–KCl–K2NbF7 (10 wt %)–Nb melt and (b) 6 h keeping in a NaCl–
KCl–K2NbF7 (30 wt %)–Nb melt. Synthesis temperature 1073 K.

10 μm 10 μm

(a) (b)

Fig. 5. Diffraction pattern of tantalum carbide coatings produced 
on a St.3 substrate by currentless transfer in a NaCl–KCl–
K2TaF7 (30 wt %)–Ta melt at 1123 K in the course of (a) 6 and 
(b) 12 h. (2θ) Bragg angle.

2θ, deg

a

b
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coatings were constituted by close-packed spheroidal 
crystals. At a keeping in the melt for 3 h (Fig. 4a), the NbC 
coating on the steel substrate was not continuous. The 
coating became continuous as the exposure duration was 
raised to 6 h (Fig. 4b). Figure 5 shows diffraction patterns 
of tantalum carbide on a steel substrate. A tantalum 
carbide coating is formed on steel after a 6-h experiment, 

but its diffraction pattern shows peaks associated with 
the steel substrate. These peaks are not recorded after a 
12-h experiment, which indicates that a thicker tantalum 
carbide coating is formed (Fig. 5b).

The thickness of Cr7C3, NbC, and TaC coatings, found 
from their cross-sections was 1–2 μm for St.3 steel and 
4–6 μm for U9 steel, which is due to the larger content 
of carbon in the steel of U9 brand.

For the above coatings of refractory metal carbides, 
we determined the microhardness, wear resistance, and 
corrosion resistance against concentrated mineral acids. 
The microhardness of the coatings, found from their 
cross-sections was 21, 29, and 31 GPa for Cr7C3, NbC, 
and TaC, respectively. The results obtained in a study of 
the wear resistance are presented in Fig. 6. It can be seen 
that the wear resistance of steel substrates increased by 
an order of magnitude upon deposition of coatings of 
refractory metal carbides and a correlation is observed 
between the wear resistance and microhardness of the 
coatings.

The coatings were subjected to corrosion resistance 
tests against concentrated mineral acids. To determine the 
corrosion rate, the samples with a known surface are were 
submerged in concentrated sulfuric, orthophosphoric and 
hydrochloric acids. The results of these corrosion tests are 

Fig. 6. Wear resistance X of a composite constituted by steel 
and refractory metal carbide coating.

Fig. 7. Corrosion resistance of a composite constituted by steel and refractory metal carbide coating in concentrated mineral acids. 
(V) Corrosion rate.

St.3 without coating

X, mg cm–1

St.3 without coating

V, g m–2 h–1

Cr7C3
NbC
TaC

Cr7C3

NbC
TaC
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presented in Fig. 7. Deposition of coatings composed of 
refractory metal carbides reduces their corrosion rate in 
concentrated mineral acids by 3–4 orders of magnitude. 
The corrosion resistance of refractory metal carbides 
against concentrated mineral acids varied in the following 
order: Cr7C3 > NbC > TaC in HCl; TaC > Cr7C3 > NbC 
in H2SO4; and Cr7C3 > TaC > NbC in H3PO4. It should 
be noted that the corrosion rate depends not only on the 
composition, but also on the quality (porosity) of the 
coatings. 

Tests made at New Technologies OOO demonstrated 
that the deposition of NbC and TaC coatings on steel 
members of pumps for transfer of corrosive fl uids made 
it possible to make their service life twice longer. The 
synthesis of Cr7C3 and TaC on rubber-cutting knives made 
their service life 2.0 and 2.5 times longer, respectively 
(Ekotek OOO).

CONCLUSIONS

The catalytic activity of molybdenum carbide coatings 
was studied, and it was found that the highest activity 
is observed for Mo2C synthesized with the NaCl–KCl–
Li2CO3–Na2MoO4 system. It was shown that the Mo2C 
catalytic coating remains active during at least 5000 h 
of tests.

The chronopotentiometric method was used to 
examine the process of chromium electrodeposition from 
a NaCl–KCl–CrCl2 melt onto carbon steel substrates and 
determine the potentiostatic electrolysis parameters at 
which chromium carbides of different compositions are 
formed on the surface of steel.

The currentless transfer method was used to synthesize 
coatings of refractory metal carbides of composition 
Ct7C3, NbC, and TaC on steels. It was found that these 
coatings have a high microhardness, substantially 
improve the corrosion resistance of steel articles in 
concentrated acids, and raise by an order of magnitude 
their wear resistance.

Tests made at New Technologies OOO demonstrated 
that the deposition of NbC and TaC coatings on steel 
members of pumps for transfer of corrosive fl uids made 
it possible to make their service life twice longer. The 
synthesis of Cr7C3 and TaC on rubber-cutting knives 
made their service life 2 and 2.5 times longer, respectively 
(Ekotek OOO).

ACKNOWLEDGMENTS

The study was fi nancially supported by the basic 
research program no. I.8P of the Presidium of the Russian 
Academy of Sciences.

REFERENCES

1. Lee, C., Danon, Y., and Milligan, C., Surf. Coat. Tech., 
2005, vol. 200, pp. 2547–2556.

2. Lee, Y.J., Lee, T.H., Kim, D.Y., et al., Surf. Coat. Tech., 
2013, vol. 235, pp. 819–826.

3. Amosov, A.P., Izv. Vyssh. Uchebn. Zaved., Poroshk. Metall. 
Funkts. Pokrytiya, 2016, no. 4, pp. 17–33.

4. Efi menko, V.G., Shimidzu, K., Cheilyakh, A.P., et al., 
Trenie Iznos, 2013, vol. 34, no. 6, pp. 610–620.

5. Sheinman, E.L., Trenie Iznos, 2006, vol. 27, no. 1, pp. 110–
122.

6. Dubrovskiy, A.R. and Kuznetsov, S.A., ECS Trans., 2012, 
vol. 50, no. 11, pp. 512–518.

7. Dubrovskiy, A.R., Makarova, O.V., and Kuznetsov, S.A., 
Perspekt. Mater., 2015, no. 8, pp. 59–68.

8. Dubrov skiy, A.R., Kuznetsov, S.A., Rebrov, E.V., and 
Schouten, J.C., Russ. J. Appl. Chem., 2014, vol. 87, no. 5, 
pp. 601–607.

9. Shatinskii, V.F. and Nesterenko, A.I., Zashchitnye 
diffuzionnye pokrytiya (Protective Diffusion Coatings), 
Kiev: Naukova Dumka, 1988.

10. Kuznetsov, S.A., Fiz. Khim. Stekla, 2014, vol. 40, no. 2, 
pp. 314–322.

11. Ilyushchenko, N.G., Anfi nogenov, A.I., and Shurov, N.I., 
Vzaimodeistvie metallov v ionnykh rasplavakh (Interaction 
of Metals in Ion Melts), Moscow: Nauka, 1991.

12. Dolmatov, V.S. and Kuznetsov, S.A., Perspekt. Mater., 
2011, vol. 1, no. 13, pp. 486–490.

13. Shapo val, V.I., Malyshev, V.V., Novoselova, I.A., and 
Kushkhov, H.B., Russ. J. Appl. Chem. 1994, vol. 67, no. 6, 
pp. 922–928.

14. Malyshev, V.V., Zashch. Met., 2004, vol. 40, no. 6, 
pp. 584–600.

15. Popova, A.V., Kremenetsky, V.G., and Kuznetsov, S.A., 
J. Electrochem. Soc., 2014, vol. 161, no. 9, pp. H447–
H452.

16. Popova, A.V. and Kuznetsov, S.A., J. Electrochem. Soc., 
2016, vol. 163, no. 2, pp. H53–H58.

17. Stulov, Yu.V. and Kuznetsov, S.A., Fiz. Khim. Stekla, 2014, 
vol. 40, no. 3, pp. 426–432.



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  90  No.  5  2017

683COATINGS  BY  REFRACTORY  METAL  CARBIDES

18. Kuznetsov, S.A., Dubrovskiy, A.R., Rebrov, E.V., and 
Schouten, J.C., Z. Naturforsch., 2007., vol. 62a, nos. 10–11, 
pp. 647–654.

19. Dubrovskiy, A.R., Rebrov, E.V., Kuznetsov, S.A., and 
Schouten, J.C., Catal. Today, 2009, vol. 147, Suppl. 1, 
pp. 198–203.

20. Patt, J., Moon, D.-J., Phillips, C., and Thompson, L., Catal. 
Lett., 2000, vol. 65, pp. 193–195.

21. Dubrovskiy, A.R., Kuznetsov, S.A., Rebrov, E.V., and 

Schouten, J.C., Ros. Khim. Zh., 2011, vol. 55, no. 2, 
pp. 43–51.

22. Kuznetsov, S.A. and Stangrit, P.T., Rasplavy, 1990, vol. 4, 
no. 6, pp. 100–103.

23. Binary Alloy Phase Diagrams, Massalski, T.B., Ed., ASM 
Int. 1990.

24. Dubrovskiy, A.R., Okunev, M.A., Makarova, O.V., and 
Kuz netsov, S.A., ECS Trans., 2016, vol. 75, pp. 609–616.

25. Dubrovskiy, A.R., Okunev, M.A., Makarova, O.V., et al., 
Russ. J. Appl. Chem., 2016, vol. 89, no. 5, pp. 746–752.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS (Pfeps)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [14400.000 14400.000]
>> setpagedevice


		2017-08-29T11:27:18+0300
	Preflight Ticket Signature




