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The mechanism of interaction in the CuMoO.-xMg-yC system was studied at low and high
heating rates by thermal analysis technique to reveal the reduction pathway of the copper molybdate
by combined Mg/C reducing agents.

According to the obtained results, the process initiates directly from the salt reduction and
proceeds in two successive stages, first is a low and second is a strong exothermic interaction.
Moreover, depending on the heating rate, a merging of different stages can be observed. The
effective activation energy of the magnesiothermic reduction reaction for the CuMoO,4+1.2Mg+2.2C
mixture was calculated to be 199.5 + 7.2 kJ/mol.

Fig.4, references 15.

Due to the high conductivity of copper and low thermal expansion
coefficient of molybdenum, Mo-Cu alloys are widely used in various fields
of modern technology, in particular, for the manufacturing of super-powerful
electronic contacts and welding electrodes, vacuum technologies, military,
aviation and a number of other leading fields [1,2].

Numerous studies have been conducted in the last decade to improve the
sinterability of Mo-Cu composite powders, considering growing interest in
the variety of applications as well as to meet the requirements for the
production of compact sintered parts.

Among them are the mechanical alloyaing, the addition of sintering aids,
as well as hydrogen reduction of oxygen-containing compounds of
molybdenium and copper [1-6]. One of the most effective methods to obtain
fine-grained and high sinterability Mo-Cu nanocomposite materials is the co-
reduction of metals from oxides (MoOs, CuO) and/or salt (copper
molybdate) by Mg + C reducing mixture via energy-saving self-propagating
high-temperature synthesis method [7,8].
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However, considering that combustion processes are characterized by
high temperatures and high self-heating rates of substances in the
combustion front [9-11], considerable difficulties arise for exploring the
interaction mechanism of reactions in combustion wave.

One of the approaches to study the mechanism of fast processes is to
extend the process within the time, model it at programmed and moderate
heating conditions (in this case slow heating mode) using various methods of
thermal analysis, such as derivatographic analysis and high-speed
temperature scanner [12,13].

As a result, it becomes possible to reveal the interaction mechanism,
identify endothermic and exothermic effects of different stages, determine
the kinetic parameters of the individual stages or the total process.

In this work, the mechanism of reduction of copper molybdate under
slow and high heating rates by Mg/C combined reducers was investigated,
utilizing DTA/TG method of thermal analysis (low heating rates region from
2.5 to 20°C/min) and High-Speed Temperature Scanner (HSTS). The latter
allows to examine powdered mixtures in a wide range of heating rates (from
10 to 10000°C/min) up to 1300°C temperature, which, being closer to the
heating rates and combustion temperatures of the material in the combustion
wave, provides a greater opportunity to disclose the sequence of reactions in
the combustion wave [12,13]. Combining the results derived from the
thermograms with XRD examinations of the quenched samples at different
characteristic temperatures, it is possible to determine the nature and
sequence of reactions in the complex system under study.

Experimental part

The following powders were used as raw materials: copper molybdate,
magnesium (MPF-2, pure, 150-300 um) and carbon black (P-803TM, granul,
particle size less than 1 pm, S=35 m?/g). Copper molybdate was prepared
from the mixture of MoO3z and CuO powders with a molar ratio of 1:1,
which were homogeneously mixed in a ceramic mortar and calcined in air at
700°C for 3 hrs. The obtained copper molybdate was milled for 5 min using
a Vibratory Mill machine (model 75T-DrM). After the milling process
yellow brown flour-like powder was obtained with <300 nm average size

(Fig. 1).
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Fig. 1. XRD pattern (a) and SEM micrograph (b) of copper molybdate.

The mechanism of interaction in the CuMoOs-xMg-yC system by
thermal analysis at low (DTA/TG) and high (HSTS) heating rates was
investigated for the determination of the reduction mechanism of copper
molybdate by Mg/C combined reducing agent. Derivatographic studies were
performed using “Derivatograph Q1500”7 MOM instrument in argon
atmosphere (120 ml/min flow rate) by linear heating of 200 mg powder
mixture at a heating rate of 2.5-20°C/min until the required temperature was
reached.

The principle of operation of the HSTS system is based on the direct
electric heating of a cell made of thin metal foil. The reactive powder
mixture (50 mg) was placed into the metallic envelope made from thin nickel
foil with 0.1 mm thickness, and a K-type thermocouple (chromel-alumel)
spot-welded directly to the foil in the central area of powder location. All
measurements were conducted at 0.1 MPa argon (>99.98 %, O - <0.01%)
pressure.

At the both low and high heating rates, the process was interrupted at
different characteristic stages and the quenched samples were analyzed by
XRD analysis (XRD, DRON-3.0, Burevestnik, Russia)

Results and discussion

Interaction mechanism in the CuMoOs-xMg-yC system at low
heating rates

The mixture of CuMo004+1.2Mg+2.2C composition was experimentally
selected to be optimum for the reduction of copper molybdate in the
combustion mode [8]. The results of the DTA/TG studies of the
CuMo004+1.2Mg+2.2C mixture are presented in Figure 2. The process was
interrupted at characteristic temperatures (490, 625, 920°C), taking into
consideration the completion of the stages proceeding by carbon and
magnesium, and XRD analysis of the quenched products from those
temperatures was performed.
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Fig. 2. DTA/DTG/TG curves of the CuM00,4+1.2Mg+2.2C mixture, m=200 mg, V=20°C/min.

Based on the results derived from the DTA/TG curves, it can be seen
that there is no interaction detected in the CuMo0O4+1.2Mg+2.2C mixture up
to 420 °C, and starting from 420°C (up to 490°C) the first carbothermal
reduction of copper molybdate takes place, which is accompanied by a
decrease in the sample wieght (5.08%, vs to the calculated value of 3.81%).
According to XRD analysis (fig. 3), copper molybdate is reduced up to non-
stoichiometric salts (some copper oxide is also present).

The second carbothermic stage of copper molybdate reduction continues
from 490°C and ends at about 600°C. According to the XRD examinations
of the quenched sample at 625°C, the partially reduced salts were converted
to Cu and MoO,. The third stage is a strongly expressed exothermic
interaction (690-810°C), where, according to the TG and DTG curves, there
is N0 mass change. This stage occurs after the melting of magnesium and
based on the aforementioned observations refers to the magnesiothermic
reduction of MoO; to molybdenum. Note that according to the XRD patterns
of the sample quenched at 920°C, MoO. is not completely reduced to
molybdenum, and some amount of the no reducted dioxide remains in the
product.
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Fig. 3. XRD patterns of the intermediates and products quenched from different characteristic
temperatures: CuMoQO4+1.2Mg+2.2C reactive mixture. A — T=490, B — 625, C — 920°C.

Interaction mechanism in the CuMoOs-xMg-yC system at high
heating rates

In order to clarify the role of the heating rate on the interaction
mechanism in the CuMo0O4-xMg-yC system and to model the processes
under similar conditions to the combustion wave, experiments were
performed in the range of high heating rates (Vh=100-1200°C/min, Tmax=
1300°C). In the region of high heating rates, in contrast to slow heating, the
reduction process initiates after the melting of magnesium. As can be seen
from the thermograms presented (fig. 4), the carbothermic reduction is not
expressed at 100°C/min heating rate, but the magnesiothermic reduction is
strongly expressed in the form of highly exothermic interaction. The increase
in the heating rate leads to approaching of the mentioned stages up to their
merging. In the case of heating rates up to 600°C/min, there are low and high
exothermic stages due to the carbothermic and magnesiothermic reduction
processes, respectively observed in the thermograms. At higher rates
(>600°C/min), these two stages combine and the process is expressed only
by one exothermic peak.
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Fig. 4. Heating thermograms of the CuMoO4+1.2Mg+2.2C mixture at various heating rates. A -
V4=100, B - 150, C — 300, D — 600, E — 1200°C-min‘*.

Given that the high heating conditions are quite close to the interaction
conditions (heating rate and temperature) in the combustion mode, the
corresponding data was processed and used to calculate the effective values
of the activation energy of the magnesiothermic reduction process using
Kissinger equation [14]. The calculated value is 199.5£7.2 kJ/mol, which
exceeds the activation energy (155+10.7 kJ/mol) of the combined reduction
of oxides by 1.3 times [15]. The observed difference in activation energy
values is probably connected to the fact that the reduction process of oxides
begins before the melting of magnesium, with the carbothermic reduction of
copper oxide (560°C), while the reduction process of the salt begins after the
melting of magnesium.

Experimental studies have shown that in contrast to low heating
conditions, individual stages of salt reduction are shifted to a higher
temperature range under high heating conditions. Particularly, at 100°C/min
heating rate, the temperature of magnesiothermic reduction is shifted to a
higher temperature zone by 170°C as compared to that at 20°C/min.

It should also be noted that in the case of high heating, the carbothermic
interaction begins after the melting of magnesium, as opposed to low heating
rates. Moreover, a relatively higher degree of salt reduction occurs at high
heating conditions as compared to low heating mode.

Based on the results, the mechanism of interaction in the CuMo0O4-Mg-
C system can be represented according to the following scheme.
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1. CuMo0QO4+ C — Cu20 + CusxM03012 +CO/CO; T, °C

2. Cus-xM03012 + Cu0 + C — Cu + MoO;, + CO/CO;, DTA HSTS

1 | 420-480 | 550-610
3. MoO; + Mg —» Mo + MgO 500-590 | 670-810

N

3 >680 >940

Thus, the reduction of copper molybdate begins with the formation of
copper-poor molybdates without pre-decomposition to oxides. Moreover, in
contrast to low heating rates, at high heating rates, a relatively higher degree
of salt reduction takes place. Besides, at high heating rates the reduction
process takes place immediately after the melting of magnesium. The
reduction begins with a weaker (C) and ends with a stronger (Mg) reducers.
Increasing the heating rate results in the approaching of carbothermic and
magnesiuothermic stages (up to Vyh=600°C/min) and merging (starting from
Vh=1200°C/min). In the studied system, the process of copper reduction
takes place at lower temperatures, exclusively with carbon. And the
reduction of molybdenum initiates with carbon up to the formation of MoO>,
which is then reduced to molybdenum by magnesium at higher temperatures.
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bplypnpyp nodly Lhanfdhpd spnpoungybgnefyudp: Swpugdul wpugn Fyub dbdugduiy
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E=199.5°7.2 q.Q/Jnl.'

MEXAHUW3M BOCCTAHOBJIEHUA MOJIMBJATA MEJIA
B HEM3O0TEPMUNYECKHUX YCJIOBUAX

A. B. KHPAKOCSIH

Nuctutyt xumnueckoit ¢pusuku um. A.b. Hanbanasna HAH PecniyGnuku Apmenus
Apmenus, 0014, Epesan, yn. I1. CeBaxa, 5/2

B pabore u3yuyeH MmexaHu3M B3aumojeicTBus B cucremMe CuMoOs-XMg-yC B
IIMPOKOM JAHana3oHe CKOPOCTeH HarpeBa METOAOM TEPMHYECKOrO aHalu3a C LeJbIo
BBISIBJICHUS TTOCJICIOBATEIFHOCTH MIPEBPAIICHIH IPH BOCCTAHOBJICHUS. MOIMOIaTa MEaN
€ TIOMOIITHI0 KOMOMHUPOBAHHBIX BoccTaHOBUTENEeH Mg/C.

CornacHo MOJNY4YEHHBIM pe3yJbTaTaM YCTAQHOBJCHO, YTO BOCCTAHOBJICHHE MO-
mmbnaTta MeId HadyuHAeTCs ¢ OOpa30BaHUS Pa3IMIHBIX MOJMOAATOB C HU3KUM CONEP-
XKaHHeM Mean 6e3 IpeIBapUTeIbHOTO PA3I0KeHHU Ha OKCHBI B IBE IIOCIIEIOBATEIILHbIC
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cTamuu: mepBasi — ciaboe, a BTopas — CHIIBHOE 9K30TepMHYECKOe B3aumoeiicteue. [lpu
3TOM C TOBBIIICHHEM CKOPOCTH HarpeBa MMEET MECTO MEePEKPhIBAHHE YMOMSHYTBIX
craauii. PaccunTana 3HEprys akTHBALUK CTa{UH MarHe3HOTEPMUYECKOTO BOCCTAHOBIIC-
Hus 1 cmecu CuMoO4+1.2Mg+2.2C: E=199,5 + 7,2 k/oic/monb.
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