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Abstract

The mechanism and kinetics of tungsten and copper oxides joint reduction by Mg + C combined reducer was studied at
high heating rates by thermal analysis method utilizing high-speed temperature scanner. The effective values of activation
energy for magnesiothermic reduction stage for the binary (WO3-Mg, CuO-Mg), ternary (WO3;-Mg-C, CuO-Mg-C,
WO;-CuO-Mg) and quaternary (WO3;—CuO-Mg-C) systems were determined in a new and wide range of heating rates
(Vi = 100=5200 °C min~"). It was shown that for all the systems under study the increasing of heating rate shifts 7>
values toward to high-temperature area and unlike the low heating rates (V;, = 5-20 °C min~', DTA/DTG studies) at high
heating rates Mg always participates in molten state. In addition, by varying heating rates of reagents it was possible to
separate the main stages and analyze intermediate compounds, making useful tool for the exploration of interaction
mechanism in the complex systems. On the other hand, the tendency of merging of metals reduction stages at higher
heating rates has an essential practical interest. That is, simultaneous reduction in metals is very prominent for obtaining
metal composites with more homogeneous microstructure.

Keywords Metal oxides reduction - Mg/C combined reducer - High-speed temperature scanner - High heating rate -
Activation energy

Introduction

During the last two decades, an increased interest has been
paid to pseudoalloys based on Cu-refractory metal system
(such as Cu—-W, Cu-Mo, Cu—Cr) [1-5]. Their unique prop-
erties and multiple functionalities make them ideal for
numerous high-tech applications, e.g., for instrumentation
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and portable equipment industries [6—10]. The development
of new preparation methods of Cu—W composite materials
for thermal management with high physicomechanical
properties and bulk density is in the focus of modern
research, as their characteristics highly depend on
microstructure and phase composition of alloys. A number of
novel technologies have been developed to enhance Cu—-W
composite densification ability by using finer precursors,
such as homogeneously mixed tungsten and copper oxides/
salts [11-19]. Generally, WO3;—CuO powder mixtures grin-
ded in ball mill and reduced at 600—1000 °C up to 10 h in the
hydrogen atmosphere, which is energy-consuming process
and accompanied with undesirable growth of Cu grains, as
well as result in drastic decrease in process efficiency. In our
previous works [20-22], a separate and joint reduction of
tungsten/molybdenum and copper oxides by energy-saving
combustion synthesis was performed using Mg + C mixture
as combined reducer. The using of such reducing mixture

@ Springer


http://orcid.org/0000-0001-6530-6308
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-018-6985-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-018-6985-5&amp;domain=pdf
https://doi.org/10.1007/s10973-018-6985-5

262

S. V. Aydinyan et al.

allowed to control the reaction temperature in a wide range
and to synthesize separate metals (W, Mo, Cu) or W(Mo)—Cu
composite powders in a controllable combustion mode.
However, considering that combustion processes are char-
acterized by high temperatures and high self-heating rates of
substances in the combustion front, considerable difficulties
arise for exploring the interaction mechanism of the com-
bustion process. Note that, according to the available litera-
ture data, the mechanism of joint reduction of WO3 and CuO
was not studied at all. To fill the gap, one of the approaches is
the modeling of the process at controllable conditions (e.g.,
with programmed heating rates and tuning the process within
the time) by using thermal analysis methods. This approach
provides an enhanced opportunity to reveal the stepwise
nature of complex reactions in the multicomponent systems.

In this paper are thoroughly outlined the results of
investigation of the mechanism and kinetics of tungsten
and copper oxides joint reduction by Mg + C mixture at
programmed and high heating rates by thermal analysis
method, utilizing the so-called high-speed temperature
scanner (HSTS) developed by our research group [23-25].
At the last stage of the work, experiments performed at
various heating rates (V, = 100-5200 °C min~') allow to
calculate the kinetic parameters (effective values of acti-
vation energy) for magnesiothermic reduction stage for the
binary, ternary and quaternary systems.

Experimental

The following powders were used as raw materials: WO;3
(High grade, Pobedit Company, Russia, particle size less
than 15 pum), CuO (High grade, STANCHEM, Poland,
particle size less than 40 pm), magnesium powder (MPF-3,
Russia, 150-300-um particle size) and carbon black (P-
803, Russia, particle size less than 1 pm).

Fig. 1 Overall view of the HSTS-2 experimental setup: /—Foil
heater with reactive mixture and thermocouple. 2—Reaction cham-
ber. 3—PC-assisted controller
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HSTS setup (Fig. 1, Table 1) is designed for the kinetic
investigations of the powdered mixtures under high heating
rates (up to 10,000 °C min~') and temperature up to
1300 °C, which are more close to heating rates and tem-
peratures in the combustion wave. The sequence of the
experimental steps is as follows: Reactive powder mixture is
placed into the metallic envelope made from thin metallic
foil (e.g., Ni foil with 0.05-0.1 mm thickness), and a K-type
thermocouple (chromel-alumel) is welded to the foil in
central area of powder location. Note that for each experi-
ment a new envelope is used, which is assumed to be inert at
the given experimental conditions. The as-prepared envel-
ope is fixed between massive electrodes into reaction
chamber. Then, the latter is sealed, evacuated, purged with
nitrogen and filled with 1 atm inert gas (Ar, 99.8%, purity
< 0.1% 0O,). The foil heater is preheated by passing electric
current with desired temperature time schedule provided by
PC-assisted controller. In this work, the linear preheating
regime was used at heating rates ranging between 100 and
5200 °C min~'. The so-called inert preheating of the
envelope (after the reaction was accomplished) is also
conducted for calibration purpose. Typical temperature
profiles for the inert experiment provide linear temperature
time profile, which defines the heating rate and coincides
with the reactive T profile at low-temperature region when
the reaction does not occur. The deviation temperature of the
reactive profile from the inert one can be denoted as exo- or
endothermic reactions proceeding in the reactive mixture.
The reaction onset temperature (7,), the maximum peak
temperature observed during self-heating (7,.x) and the
temperature prescribed by linear heating, where the maxi-
mum exothermic effect is observed (T%*), are determined
from the heating thermograms. Along with registration of
temperature—time history, the setup allows to interrupt the
process by turning off the electric current at different char-
acteristic stages and the cooled samples subject to XRD
analysis. At that cooling took place with high rate (up to
12,000 °C min~'), which practically excluded further
interaction during the cooling stage.

The intermediate (quenched) and final products were
examined by XRD analysis method with monochromatic
CuKa radiation (diffractometer DRON-3.0, Burevestnik,
Russia) operated at 25 kV and 10 mA.

Results

The study of interaction mechanism in the CuO-
WO3-Mg-C system at high heating rates

To reveal the influence of heating rate and temperature on
the interaction mechanism, the HSTS studies were per-
formed at heating rates region from 100 up to
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Table 1 Main characteristic
Reagents

Powders

parameters of HSTS-2 setup
Heater
Sample mass
Sample heating rate

Temperature range

Frequency of measurements and tracking

Sample cooling rate
Atmosphere

Pressure

Ni foil, 40 x 12 mm, thickness 0.05-0.1 mm
5-100 mg

10-10,000 °C min™"

20-1300 °C

50 Hz

up to 12,000 °C min~"

Vacuum, air, inert gas

0-2 MPa

Vi, = 5200 °C min~! and Ty = 1300 °C. Firstly, binary
(CuO-Mg, WO3-Mg) and ternary (CuO-Mg-C, WO;3—
Mg-C, CuO-WO3;-Mg) systems were studied at the same
conditions considering only magnesiothermic or magne-
siocarbothermic reduction reactions. The pure/solely car-
bothermic reduction processes are not discussed in this
paper due to their low exothermicity and because of HSTS
method is more sensitive to high exothermic reactions.
Note that, in our previous works [26-30], some of these
binary and ternary systems were studied at low heating
rates using DTA/TG technique.

Based on the results obtained by HSTS investigations,
the kinetic parameters (effective values of activation
energy) are calculated for magnesiothermic reduction stage
for all studied mixtures. There are several approaches for
calculating the effective activation energy for non-
isothermal experiments. One of the best known methods is
isoconversion method formulated by Kissinger—Akahira—
Sunose (KAS) [31]. In this method, the activation energy is
calculated based on the shift of T,,,x on the temperature
curve depending on the heating rate (V}):

Vi E 1
In 7112 =InA — — (W)
(r21) R\TZT

where V}, is the heating rate (K min~ 1), T2TA is the mag-

nesiothermic reduction temperature corresponding to the
maximum advance of the DTA curve (K), A is a constant,
E is the effective activation energy of the process and R is
the universal gas constant. Note that the exothermic peak
observed at T > T, is attaining a maximum value (7p,ax)
corresponding to the temperature 7* on the inert profile.
Thus, the difference AT = Ty,.x — T* defines the temper-
ature change owing to the heat release of reaction, and for
simple approximation 7* is used as the reaction tempera-
ture in KAS equation to determine kinetic parameters of
the reaction. Regarding the multistage character of the
process, effective activation energy values were calculated
for joint or separate magnesiothermic reduction processes
of WO5 and CuO oxides.

Me-Mg and Me-C binary systems
CuO-Mg system

The exothermic interaction in the CuO-Mg binary system
(CuO + 0.5Mg) starts immediately after the magnesium
melting (7, = 665 °C) and accompanied by the formation
of Cu (Cu,O) and MgO (Fig. 2) with peak temperature
Tmax = 1285 °C under V;, = 300 °C min~! heating rate
conditions. The amount of magnesium was limited in the
initial mixture, as in the case of CuO + Mg reaction pro-
ceeds very violently and is difficult to perform measure-
ment and registration.

As it was expected, the increase in heating rate from 100
to 1200 °C min~' for the same reaction CuO + 0.5Mg
increases T* value (Table 2), allowing to calculate acti-
vation energy of solid-liquid interaction by using KAS
equation. The value of E, = 424 + 25 kJ mol™' was
obtained.

1200
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= 400 - .
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Time/s

Fig. 2 Heating thermogram of the CuO 4+ 0.5Mg mixture. m, = 30 -
mg. Vi, = 300 °C min~"'

@ Springer



264

S. V. Aydinyan et al.

Table 2 The characteristic peak shift 7% temperatures of the CuO + 0.5Mg, CuO + 0.5Mg + 0.25C, WO; + 3Mg, WO; + 1.5Mg + C
reactions at various heating rates, Vi, and effective activation energy values calculated on their bases

Vi/°C min™" CuO + 0.5Mg WO; + 3Mg CuO + 0.5Mg + 0.25C WO; + 1.5Mg + C
E, = 424 + 25 kJ mol ™! E, =106 + 6 kJ mol™! E, = 320 =+ 19 kJ mol ™! E, =92+ 5 kJ mol™!
T#/°C T#/°C T#/°C T*/°C

2600 - - 803 931

1200 748 803 786 838

600 733 714 770 760

300 718 675 745 720

150 711 661 730 675

100 700 637 720 658

WO03-Mg system

Magnesiothermic reduction of tungsten (VI) oxide in the
mixture (WO3; + 3Mg) is a highly exothermic process,
which is characterized by one sharp exothermic peak and
similar to the CuO-Mg interaction also initiates immedi-
ately after the magnesium melting at 660 °C. At
300 °C min~' heating rate, the peak temperature was
1250 °C (maximum self-heating makes about 600 °C).
Note that at low heating rates (2.5-20 °C min~', DTA/
TG experiments) the magnesiothermic reduction of WO;
starts at 7 =~ 560-630 °C [26]. In this case, the most
important factor is the fact that intensive interaction takes
place below the melting point of Mg and undergoes by
solid + solid scheme. Thus, increasing the heating rate
leads to the considerable shift of T, and 7* toward higher
temperature range. Regardless the heating rate, WO;
reduction proceeds completely with formation of metallic
tungsten and MgO. E, value calculated for WO3; + Mg
reaction from the results (Table 2) for high heating rates
(106 + 6 kJ mol™", solid + liquid interaction) is signifi-
cantly lower, than that obtained by DTA method
(153.1 kJ mol™!, solid + solid interaction). Thus, the
transition of the reaction WO3 + 3Mg from low-tempera-
ture area with solid 4 solid mechanism to the high-tem-
perature one with solid + liquid mechanism results in
lowering of the activation energy by the factor 1.5.

WO0;-Mg-C, CuO-Mg—C and WO;-CuO-Mg
ternary systems

Cu0-Mg-C system

The reduction process in the CuO-Mg-C system at
Vi = 300 °C min~', analogous to the aforementioned
systems, starts immediately after magnesium melting. First
of all, copper oxide carbothermic reduction occurs pro-
ducing copper suboxide (650-750 °C), followed by mag-
nesiothermic reduction at 750-780 °C (Fig. 3a). At the end

@ Springer

of the reaction, completely reduced copper is present
(Fig. 3b). Such sequence of reduction is asserted by the
presence of Mg and the absence of MgO in XRD pattern of
the quenched product at point A (Fig. 3b).

Table 2 shows corresponding 7* values for magnesio-
thermic stage of the CuO + 0.5Mg + 0.25C mixture at
various heating rates. Based on data present in Table 2, the
effective activation energy for the magnesiothermic stage
was estimated (E, = 320 + 19 kJ mol™!). Based on the
results of XRD analysis, it represents the effective activa-
tion energy for the reaction Cu,O + 0.5Mg.

WO0;-Mg-C system

The chemical interaction in the WO3;-Mg—C system also
begins immediately after the magnesium melting and then
continues along the rise in temperature (Fig. 4a). It should
be noted that tungsten is completely reduced at the end of
the reaction (Fig. 4b, D). Note that at WO;5 reduction by
(Mg + C) binary mixture at lower heating rates (DTA/TG,
Vi = 5-20 °C minfl) a very weak carbothermal reduction
takes place at least up to 800 °C, and in contrast to high
heating rates the interaction between Mg and WOj; takes
place in the solid state at 7' < Tnvig meir-

For the WOj; + 1.5Mg + C mixture, the effective
activation energy for the magnesiothermic reduction stage
makes about 92 £+ 5 kJ mol_l, which is only a little less
than that for solely magnesiothermic reduction (see
Table 2).

On the other hand, compared with the E, value of
WO; + 1.5Mg + C reaction calculated for the low heating
rates (DTA/TG, E, = 177.4 kJ mol™), it is lower about
two times, supporting the statement that at low and high
heating rates interaction in these systems occurs by dif-
ferent mechanisms. Thus, at low heating rates (DTA/TG,
Vi = 5-20 °C min~') interaction proceeds by  the
solid + solid mechanism with E, = 177.4 kJ mol~!, and
by the mechanism of solid 4 liquid at high heating rates
(Vi > 100 °C min~") with E, = 92 + 5 kJ mol .
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Fig. 3 Heating thermogram of

(2) 1600 - (b) 1-Cu0_ICDS#44-0706,  3-Mg ICDS#35-0821
the CuO + 0.5Mg + 0.25C 2-Cu,0_ICDS#05-0667  4-Cu_ICDS#04-0836
mixture at V;, = 300 °C min~ !, ] B 5-MgO_ICDS#65-0476
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Fig. 4 Heating thermogram of (b)  1-WO,_ICDS#32-1395, 2-Mg_ICDS#35-0821,
the WO; + 1.5Mg + C mixture (@) 7 D 3-Wig029_ICDSH05-0386, 4-Wis0.9_ICDSH05-0302
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WO3-CuO-Mg system tungsten oxide is reduced partially (point D), the complete
reduction takes place at 1300 °C (point E).
According to the results obtained for the CuO + Note that, according to [29], the magnesiothermic

WO; + 4Mg mixture, no interaction occurs before mag-
nesium melting (Fig. 5a, b). The results of XRD analysis
for the sample cooled at 610 °C (A) indicate only the
presence of the initial reagents, CuO, WO; and Mg
(Fig. 5b). Just after magnesium melting, copper oxide is
reduced into the suboxide and then up to metallic copper
(points B, C). At temperatures higher than 850 °C, reduc-
tion of tungsten (VI) oxide starts. However, according to
XRD analysis results, for the sample cooled at 1035 °C

Fig. 5 Heating thermogram of
the CuO + WO; + 4Mg (a)
mixture (V;, = 300 °C min™",
m, = 45 mg) (a) and XRD
patterns of the

CuO + WO; + 4Mg mixture
after process interruption at
different temperatures: A—

T = 610. B—670. C—850. D—
1035. E—1310 °C (b)

Temperature/°C

reduction in the both oxides at low heating rates (DTA/TG,
Vi, = 5-20 °C min~ ") occurs jointly at the same tempera-
ture interval: The reaction begins before magnesium
melting at 620 °C, and the maximum value for the tem-
perature shifting corresponds to Ty,x = 647 °C, while at
heating rate Vj, > 100 °C min~' these two stages are
clearly separated and proceeded after the Mg melting.
The significant influence of heating rate on the ther-
mograms (e.g., T shift of characteristic stages, merging of
stages and change in intensity) was observed; numeric

b
(b) 1-W _ICDS#04-0806, 4-WO, _ICDS#32-1395,
2-Cu_ICDS#04-0836, 5-Mg_ICDS#35-0821,
3-MgO _ICDS#65-0476 6-CuO _ICDS#44-0706,
© 1I ; 7-WO, _ICDS#32-1393
E
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5O 4 4 4 2
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values are illustrated in Table 3. It was shown that
increasing the heating rate contributes to the approaching
of individual stages, and at V}, > 390 °C min™~" their fully
merging occurs similar to that at low heating rates
(2.5-20 °C min~"). In this instance, at rather high heating
rates the re-merging of stages is associated with a sub-
stantial increase in the self-heating observed during the first
stage. Furthermore, the second stage starts at that high
temperature before the completion of the first stage; thus,
Tmax of the first stage exceeds to T, of the second stage.

At further increasing of heating rate, T* shifts to the
higher temperature area allowing to calculate effective
activation energy of overall magnesiothermic process
(E, = 260 &+ 16 kJ mol™'). Besides, at heating rates
100 < V}, < 390 °C min~"' the values of activation energy
for individual stages was also possible to calculate due to
clearly separated stages of reduction in individual oxides.
The E, value for magnesiothermic reduction in copper
oxide makes about 248 + 15 kJ mol ™! (1st stage) in the
presence of tungsten oxide, while pure CuO + Mg reduc-
tion was characterized by higher E, value. Tungsten oxide
reduction by Mg occurs at the second stage in the presence
of copper with E, = 64 + 4 kJ mol™ .

WO;-CuO-Mg-C quaternary system

Experiments performed with the quaternary CuO +
WO3 + 2.5Mg + 1.5C system showed that the multistage
reduction process starts also after magnesium melting
(Fig. 6a). At that, firstly a weak exothermic interaction
takes place corresponding to the reduction of copper by
carbon, which was confirmed by XRD analysis data for the
sample cooled at 770 °C (Fig. 6b, B). A weakly exother-
mic carbothermal reduction is followed by a sharp
exothermic magnesiothermic one, which goes to end at
830 °C, and appropriate diffraction pattern indicates to Cu,
W, W03, WO, and MgO (Fig. 6b, C). Note that at higher
temperatures (point D) complete reduction of tungsten was
observed. The latter is possible if the carbon also partici-
pates in the reduction process in the C-D area. Thus,
reduction in the oxides mixture under consideration begins

with carbothermic reduction of copper oxide, followed by
magnesiocarbothermic reduction of tungsten oxide.

With the increasing of heating rate, 7* values shift to the
higher temperature area allowing to calculate effective
activation energy of magnesiocarbothermic reduction pro-
cess (Fig. 7). The value of E, = 150 £ 9 kJ mol ™! was
obtained, which is quite less than that for metal oxides joint
reduction by Mg and significantly higher than Mg reduc-
tion of WOs.

Discussion

Thus, the mechanism of reduction in the CuO-WO;-Mg—-C
system in a wide range of high heating rates (100-
5200 °C min_l) was examined by HSTS technique, com-
parative overview with low heating rate (DTA method) was
done, and the dramatic influence of the heating rate on the
appearance of various stages, maximum peak temperature,
temperature shift, etc., was revealed. For the first time, an
effective kinetic data have been gathered through the applied
approach in a completely new range of heating rates
(100-5200 °C min ") for the surveyed systems, which is of
great interest to the mechanism and kinetics of non-isother-
mal processes. Note that the obtained activation energies are
generally presented as effective values for overall process or
individual steps allowing to characterize non-isothermal
interactions under high heating rate conditions.

From the analysis and evaluation of the data obtained
for binary, ternary and quaternary mixtures, it is apparent
that magnesiothermic reduction peculiarities endured sig-
nificant change and exhibit dramatically different nature
for binary, ternary and quaternary systems.

Activation energy value obtained for the CuO + Mg
solid-liquid interaction was calculated as 424 4 25
kJ mol ™!, which is characteristic for the thermite reactions.
According to the literature, high effective activation energy
values obtained for thermite reactions are rationalized in
terms of the high-temperature requirement for ignition of
the thermite reaction and its high reaction rates. In the
comparative overview about the thermite reactions [32],

Table 3 The characteristic peak
shift 7* temperatures of the
stepwise (I, II) and joint
magnesiothermic reduction of

WO; + CuO + 4Mg
I stage
E, = 248 £ 15 kJ mol™!

WO; 4+ CuO + 4Mg WO; + CuO + 4Mg
II stage Joint
E, = 64 + 4 kJ mol™! E, = 260 £ 16 kJ mol™"

WO5 and CuO oxides at various v, /°C min™" T'/°C Vy/°C min~! T'/°C Vy/°C min~! T*/°C

heating rates, V},, and effective

activation energy values 300 703 300 953 5200 907

calculated on their bases 200 692 200 892 2600 888
150 682 150 868 1200 862
130 678 130 835 600 830
100 672 100 809 390 810
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Fig. 6 Heating thermogram of the CuO + WOj3; + 2.5Mg + 1.5C mixture (V}, = 300 °C min~!, m, = 50 mg) (a) and XRD patterns of the
CuO + WO;3; + 2.5Mg + 1.5C mixture after process interruption at different temperatures: A—T = 660. B—770. C—830. D—1230 °C (b)
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Fig. 7 Heating thermograms of the CuO + WO; + 2.5Mg + 1.5C mixture at various heating rates (a) and determination of activation energy
(b). A—V;, = 100. B—150. C—300. D—600. E—1200. F—2600 °C min~"

authors reported the activation energy of 658 kJ mol™' of
the aluminothermic reduction 3Cu,O(s) + 2Al(s) = Al,.
0O3(s) + 6Cu(s). In the CuO-Mg system, E, ~ 300 -
kJ mol~' was obtained depending on the conversion
degree, besides it has a tendency of increase with the
increasing of conversion degree [33]. Kinetic model of
aluminothermic reduction of molybdenum (VI) oxide was
investigated and extrapolated to high heating rates in the
10°-10° K s7! range [34]. The reaction was treated as a
combination of four subreactions, which were described by
a combination of a diffusion-controlled reaction model and
first-order reactions. The activation energies determined in
this study for each individual step are in the range of
209-373 kJ mol ™! [34]. In [35] reported that the increase
in magnesium amount in the initial mixture increases the
value of activation energy, for example, Al + 10%Mg—
Fe,O5 reaction is characterized by E, = 247 kJ mol !,
while E, = 312 kJ mol™" for the Al 4+ 30%Mg + Fe,0;
reaction. Based on the kinetic data, the Mg—CuO has higher
activation energy than Al-Mg—CuO and Al-CuO systems
[36]. Depending on the conversion degree, it varies
between 270 and 300 kJ mol ™" for the CuO-Mg system.

It is worth mentioning that in the case of a magnesio-
thermic reduction in the oxides CuO + WO3 mixture var-
ious behavior was observed at low (DTA, 5-20 °C minfl)
and high heating rates (HSTS, 100-400 °C min~'). DTA
studies showed that they proceed simultaneously in the
same temperature interval (7, ~ 620-630 °C) before the
melting of Mg. HSTS experiments allowed to separate
various stages in the CuO-WO;-Mg system due to the high
difference in their activation energies in a range of heating
rates 100400 °C minfl; however, there is a tendency of
merging of these stages again at higher heating rates.

In the ternary CuO-Mg-C, WO;-Mg-C and quaternary
CuO-WO;-Mg-C mixtures at low and high heating rates
as well, the reduction starts with carbon, then magnesium
participates to the reduction. The addition of carbon in the
binary or ternary system leads to 7* changes toward higher
temperature range, which is in agreement with the results
reported in [26, 28]. It was also confirmed that during the
combined reduction of oxides by Mg/C reducing mixture
often carbothermic reduction of oxides precedes magne-
siothermic reaction or occurs earlier and faster leading to
the incomplete reduction of oxides (e.g., CuO — Cu,O or
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WO3; —» WOs5_,). Furthermore, magnesiothermic reduc-
tion in these partially reduced intermediates differs from
solely magnesiothermic reaction of the initial oxides. In
addition, at high heating rate region Mg took part always in
molten state. Such behavior of carbon, as well as magne-
sium participation in liquid state in a new high heating rate
region, provides a new pathway for the interaction in the
WO;-CuO-Mg-C system with lower effective activation
energy than that for the WO;—CuO-Mg system.

For all the systems under study, the increasing of heating
rate shift 7* values toward the high-temperature area
allowing to calculate effective activation energies of mag-
nesio- and/or magnesiocarbothermic reduction processes.

In addition, by varying heating rates of reagents it is
possible to separate the main stages and analyze interme-
diate compounds, making useful tool for the exploration of
interaction mechanism in the complex systems. It is
important to note that the tendency of merging of metals
reduction stages at higher heating rates has also an essential
practical interest. That is, simultaneous reduction in metals
is very prominent for obtaining metal composites with
more homogeneous microstructure.

Conclusions

The reduction mechanism in the binary (WO3;-Mg, CuO-
Mg), ternary (WO53-Mg—-C, CuO-Mg—C, WO;-CuO-Mg)
and quaternary (WO3;—CuO-Mg-C) systems at non-
isothermal conditions in a wide range of high heating rates
(100-5200 °C min~") was examined by HSTS technique,
and the results were compared with the mechanism at low
heating rates (2.5-20 °C min~!, DTA/DTG method). In all
systems under the conditions of low heating rates (DTA,
5-20 °C min_l), carbothermic and magnesiothermic
reduction processes start before magnesium melting, in
respect to that, at high heating rate region (HSTS,
100-5200 °C min~") Mg took part in interaction always in
molten state. In addition, at higher heating rates the
reduction stages of metals tend to re-merge and simulta-
neous reduction in metals takes place, promoting more
homogeneous microstructure formation in composites.
Using HSTS setup, effective kinetic data have been gath-
ered in a completely new range of heating rates
(100-5200 °C min~") for the first time, for the magnesio-
thermic and magnesiocarbothermic reduction processes of
the CuO-Mg, CuO-Mg-C, WO5;-Mg, WO3;-Mg-C, CuO-
WO5;-Mg and CuO-WO;-Mg-C systems, which is of
great interest to the mechanism and kinetics of non-
isothermal processes. The effective activation energy value
of the quaternary CuO-WO;-Mg—C mixture was calcu-
lated to be 150 kJ mol_l, which is lower in comparison
with the joint magnesiothermic reduction reactions of CuO

@ Springer

and WOs;, manifesting the decisive role of carbon addition
on the interaction mechanism at high heating rates.
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