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GENERAL DESCRIPTION OF THE WORK

Work timeline

Driven by the worldwide needs in the key areas of electronics, spaceflight, energy and
security, the demand for the tungsten-copper (W-Cu), tungsten-nickel (W-Ni)} and
tungsten-silver (W-Ag) composite materials of high performance has greatly increased in
recent years. These tungsten-based composites offer a valuable combination of functional
and structural properties, including superior thermal management properties, high
microwave absorption capacity, high tensile strength, superior abrasion resistance, high
thermal and electrical conductivity. In particular, refractory metals (e.g. W, Mo) are
intended to ideally combine the low thermal expansion coefficient with the high thermal
and electrical conductivity of transition metals (eg. Cu, Ag). However, a huge challenge still
lies in the non-availability of sufficient quality (high relative density, homogeneous
microstructure, ultrafine and finely dispersed composing phases) materials impeding the
technological advancement for tungsten-based composites in a variety of applications.
The preparation of refractory metal based alloys by conventional metallurgical methods is
challenged by the large differences in the specific gravity and melting points of the
constituents: (T,,=3422 °C, T.,=1085 °C, T,=962 °C, Ty=1455 °C). This is further
complicated by the limited mutual solubility of the metals in the both solid and liquid
states.
The distinct particles of one metal are dispersed in a matrix of the other one, producing of
a so called "pseudoalloy”. The microstructure therefore becomes a metal matrix composite
in contrary to an ordinary alloys or solid solutions. It should be noted that unlike W-Cu,
W-Ag pseudoalloys, tungsten with nickel forms an ordinary alloy and could form
intermetallic compound with specific molar ratio of metals.
In order to produce high-density parts with net shape components, homogeneous
structure and enhanced physicomechanical properties, very fine dispersion of both metals
should be attained. Thus, the development of cost-effective techniques of production of
homogenous and fine-grained composite materials (W-Cu, W-Ni, W-Ag), as well as the
optimization of their preparation conditions is targeted in the current research.
Taking into account the difficulties in obtaining a homogeneous composite material with
desired microstructure, purity and grain size distribution, one-stage in-situ process is
proposed for nanopowders’ synthesis. Our findings are directed to the synthesis of fine-
grained composite powders from available precursors (metal oxides and/or salts mixture)
with high homogeneity and enhanced sinterability.
Self-propagating high-temperature synthesis (SHS) via thermo-kinetic coupling is the
proposed approach, which allows control over the combustion process parameters,
regulation of the powder grain size, and maintainance of compositional homogeneity. By
controlling the combustion process, optimal conditions for the synthesis of target materials
can be examined and developed, and furtherly commercially upscaled.
The synthesized powders were subjected to consolidation by spark plasma sintering (SPS)
technique to manufacture compacts with high relative density and promising mechanical
properties.
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Aim and problems of the work

The aim of this work is to develop new technological procedure for the synthesis of fine
powders of W-Cu, W-Ni, W-Ag composite materials based on magnesio-carbothermal
reduction of oxygenous compounds by means of controlled combustion processes.
Optimization of thermal regimes made it possible to regulate the composition and
microstructure of the materials obtained directly in the combustion process.

To achieve the above-mentioned goals:

¢ Thermodynamic analysis in the WO;-CuO-Mg-C, CuWO,-Mg-C, WO,;-NiO-Mg-C, NiWO,-
Mg-C, WO;-Ag-Mg-C, Ag,WO0O,-Mg-C systems was performed to explore the possibility to
synthesize W-Cu, W-Ni, W-Ag composite materials in combustion mode and to find out the
optimal conditions.

¢ The influence of initial mixture composition and process parameters on the combustion
temperature, phase composition and microstructure of target materials was studied.

» Solution combustion synthesis (SCS), chemical precipitation and furnace methods were
utilized for the preparation of nanoscale starting materials with controllable
microstructure for the combustion synthesis of W-Cu, W-Ag, W-Ni composite materials.

¢ The regularities of combustion, phase and structure formation laws were revealed for
the WO;-CuO-Mg-C, CuWO,Mg-C, WO;-NiO-Mg-C, NiWO,-Mg-C, WO;-Ag-Mg-C,
Ag,WO0,-Mg-C systems based on the preliminary thermodynamic calculations for defining
the optimal conditions for W-Cu, W-Ni, W-Ag materials’ preparation.

o Kinetic regularities and phase formation mechanisms were explored in the studied
systems using thermal analysis method at low (DTA/TG; V,=2.5-30 °C/min) and high
(HSTS; V,,=100-1200 °C/min) heating rates for assessing the effect of the heating rate on
the conversion process.

e The obtained materials were thoroughly characterized by different physicochemical
analysis methods.

o SHS synthesized powders were consolidated by spark plasma sintering technique and
were studied physico-mechanical properties of the obtained compact samples.

Novelty of the work

o For the first time, W-Cu, Ni-W, W-Ag composite materials were obtained in combustion
mode.

¢ Simultaneous utilization of magnesium and carbon as reducing agents mitigated the
violent nature of combustion process allowing to perform SHS synthesis under
controllable and moderate temperature modes.



e The interaction pathway was outlined and the kinetic parameters of the WO;-CuO-Mg-C,
CuWO0,-Mg-C, WO;-NiO-Mg-C, NiW0O,-Mg-C, WO;-Ag-Mg-C, Ag,W0,-Mg-C systems were
deduced at low (V,;=2.5-30 °C/min) and high (V,=100-1200 °C/min) heating rates.

¢ The utilization of salts as precursors containing both metals in the same crystalline
structure showed to be contributing to the homogeneous distribution of metals in the
product.

e The use of fine-grained reagents allowed synthesizing composite nanopowders with
enhanced chemical homogeneity.

Practical value of the work

» Single-stage, effective approaches of in-situ production of nanopowders of W-Cu and W-
Ag pseudoalloys, as well as W-Ni alloys with average particle size 10-50 nm have been
developed.

e In addition to the oxide raw materials, salt precursors, containing both metals in the
same crystal lattice were used as starting materials, providing the synthesis of target alloys
with higher homogeneity.

¢ Using thermo-kinetic coupling approach allowed the preparation of W-Cu, W-Ni, W-Ag
composite materials by the magnesio-carbothermal reduction of (WO;+CuQ), CuWO,,
(WO;+NiO), NiWO,, (WO;+Ag), Ag,WO, precursors in combustion mode under the
controllable and mild temperature conditions.

¢ The optimal conditions to obtain target alloys from oxygenous compounds have been
determined by studying the possible mechanisms of alloys synthesis in combustion
processes under non-isothermal conditions.

¢ The nanopowders obtained in the combustion mode were consolidated and compacted
by SPS technique with providing high relative density and mechanical properties.

Content and structure of the work

The PhD thesis consists of an introduction, five chapters, conclusions and a reference list.
The PhD thesis is written on one hundred and forty-nine (148) pages, contains fourteen
(14) tables, eighty-eight (87) figures and one hundred and fifty-seven (157) references.

Publications

The main part of the PhD thesis is published in nine (9) articles, four (4) of which are in
international peer-reviewed journals, five (5) in the local journals, as well as in nine (9)
theses.



Chapter 1. Literature review

The literature review consists of three main sections.

In the first section the properties and applications of tungsten-copper, tungsten-nickel and
tungsten-silver composite materials, as well as the main ways and difficulties of obtaining
of these nanomaterials are discussed.

The second section provides description of self-propagating high-temperature synthesis,
its features, types and advantages, as method of obtaining inorganic substances (metals,
alloys, composites, etc.). Besides, it includes comprehensive description of thermo-kinetic
coupling approach and the advantages and importance of the coupling of chemical
reactions in SHS processes.

In the third section the considerable advantages and characteristics of solution combustion
synthesis method is presented, as well as the preparation of various metals and alloys by
SCS.

Chapter 2. Experimental part

To produce target W-Cu, W-Ni, W-Ag composite materials in the combustion mode the
experiments were carried out in a constant pressure reactor. Thermodynamic calculations
were performed to find out the optimal conditions for joint and complete reduction of
oxygenous compounds by using “ISMAN-THERMO” software package. The calculation is
based on the principle of minimizing the thermodynamic potential of the system.
Combustion temperatures were registered using micro-thermocouple technique. The
phase composition of the samples was analyzed by X-ray diffraction method. To identify
the products from the XRD spectra, the data were processed using the ICDD database.
Morphologies and microstructures of the samples were examined by high-resolution
scanning electron microscope equipped with a topographic imaging and energy selective
backscattered detector for compositional contrast. For identifying and quantifying
elemental composition of the samples energy dispersive X-ray spectroscopy (EDS) was
used. Specific surface areas of materials synthesized by SHS method were measured by
adsorption analysis (BET method). IR method was used to detect the structural features of
materials synthesized in different ways, as well as differences in the absorption intensities
of the functional groups. The gaseous products were analyzed by gas-chromatography
method. The obtained powders were consolidated using SPS technique. The density of
consolidated parts was measured by Archimedes technique and Vickers micro-hardness -
by Vickers microhardness tester.

The mechanism and kinetics of reduction reactions by Mg+C combined reducers was
studied by Differential Thermal Analysis/Thermogravimetry (DTA/TG) method utilizing Q-
1500 instrument (V,=2.5-30 °C/min, T,,=1000 °C), as well as high-speed temperature
scanner (HSTS). The latter provides an advanced opportunity to disclose the step-wise
nature of complex reactions in the multicomponent systems at high heating rates (V, - up
to 1200 °C/min, T,,,,=1300 °C).



Chapter 3. Preparation of W-Cu pseudoalloys by magnesio-carbothermal reduction
of tungsten and copper oxides, copper tungstate

It is well known that magnesiothermal reduction of tungsten and copper oxides are
extremely exothermic (T,, 23000 °C) with violent combustion. This method of metal
synthesis, akin to thermite reactions, is accompanied by intensive gas release, melting the
intermediate or final products, and generally produces low yields. In order to mitigate the
reaction conditions it is coupled with metal oxide carbothermal reduction process, which is
low exothermic one. Furthermore, the use of (Mg + C) combined reducers will allow the
control of the reaction temperature in a wide range at synthesis of composite powders.
The properties of W-Cu pseudoalloys and therefore the spheres of application primarily
depend on their composition. The physical and mechanical properties of the pseudoalloys
can be adjusted by changing the ratio of metals.

Prior to experimental procedure, thermodynamic calculations were carried out for the
2W0;-Cu0-yMg-xC and WO,-3Cu0-yMg-xC systems. The goal being to optimize conditions
for the joint and complete reduction of tungsten and copper oxides, aimed at obtaining W-
Cu pseudoalloys with different compositions (W:Cu=2:1; 1:3). The amount of Mg was
determined as to provide complete reduction at comparatively low temperatures. To define
the effect of carbon on the combustion parameters (temperature and wave propagation
velocity), a series of experiments were performed versus carbon content. The obtained
results revealed that the increase of carbon amount leads to a decrease in both the
combustion temperature and velocity (Fig. 1} conditioned by the growth in the portion of
low-caloric carbothermal reaction in the system.
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Fig. 1. Combustion temperature (T.) and velocity (U.) vs carbon amount for the
2W0;-Cu0-2.7Mg-xC (a) and WO;3-3Cu0-1.7Mg-xC (b) systems

To determine the phase composition of combustion products, XRD analyses were
performed. Considering the thermodynamic calculations and XRD of the combusted
samples, the optimal ranges for obtaining the target 2W-Cu and W-3Cu pseudoalloys were
selected as 2W0,+Cu0+2.7Mg+(3.5-4)C and WO;+3Cu0+1.7Mg+(4.5-8)C.
Microstructural examinations testify that an increase in carbon concentration leads to
significant grain refinement, as the process proceeds in relatively moderate conditions and
grain growth is inhibited at lower temperatures.
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To remove the magnesia byproduct from the yielded metals, the reaction products were
subjected to hydrochloric acid treatment (co=10 %9 at room temperature. According to the
results, the combustion product after acid treatment represents target material (Fig. 2).
SEM analyses of acid treated samples revealed that the products contain only fine
snowflake-like particles with 30-50 nm in size.

Fig. 2. XRD patterns of combustion products for the 2W03+Cu0+2.7Mg+3.7C (a) and
W 03+3Cu0+1.8Mg+4.7C (b) mixtures after acid treatment

The obtained ultrafine structured W-Cu powders were exposed to hot explosive
consolidation (FIEC) for the fabrication of dense compacts. According to microhardness
and density measurement results, W-Cu nanocomposites obtained by SHS method and
consolidated by HEC technology demonstrated enhanced microhardness and density (up
to 85 %) compared to conventional methods. Further optimization of consolidation process
lead to preparation of almost fully dense samples.

For the synthesis of nanocomposite powders with homogenous metal distribution and
microstructure, the use of copper tungstate is suggested, as it yields a final product with
excellent chemical homogeneity and purity thanks to the presence of the both metals in
the same crystalline structure. Moreover, high surface area and additional reactivity
generated from the thermal decomposition of salt precursors promoted the overall
interaction between patrticles.

It is widely acknowledged that the selection of the starting materials (e.g. particle size,
preparation technique) can highly contribute to enhancing the structure and properties of
the final products. Regarding to that, fine precursors were synthesized by SCS (a),
chemical precipitation (b) and furnace methods (c).

The oxygen containing raw material prepared by SCS produced the finest alloys' particles
at ~50 nm, while chemically precipitated one yielded -100 nm, and the salt obtained by
furnace method comprised particles ~400 nm, respectively (Fig. 3).

W-Cu powders, synthesized from different raw materials, were characterized by different
particle sizes. In particular, the powder obtained from the reduction of copper tungstate
prepared by the furnace method possesses the largest grains: 200-400 nm, while the
powder obtained from the SCS synthesized initial reactant is the finest: 10-20 nm (Fig. 4).
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Fig. 3. SEM images of CuWO04obtained by SCS (a), chemical precipitation (b) and furnace
(c) methods

Fig. 4. SEM images of W-Cu pseudoalloys obtained by the reduction of Cuw04 prepared
by SCS (a), chemical precipitation (b) and furnace (c) methods

W-Cu composite powders produced by SHS were consolidated by SPS technique, which
allowed preparing compact specimens with 95 % relative density. This is 10 % higher than
that obtained for the compact sample prepared by the powders reduced from oxides.

In Figure 5, the results of EDS mapping analyses for the W-Cu product (from salt
precursor) are depicted. The blue color corresponds to tungsten phases and the pink
color to copper phases illustrating the homogeneous distribution of W and Cu phases
throughout the sample.

It follows that the presence of two metals in the crystal lattice of the same material
contributes to the homogeneity of the distribution of metals in the reduced powder, which
in turn has a positive effect on the powders’ densification behavior.

To explore the sequence of processes occurring in the combustion wave, the combustion
process was performed in the section of bulk copper wedge. As the front approaches the
apex specific heat losses increase and at some critical point combustion wave propagation
stops. After the process, products thus obtained were analyzed layer-by-layer by X-ray
examinations. According to the obtained data, firstly the copper oxide carbothermal
reduction into copper takes place and then magnesio-carbothermal reduction of the
tungsten oxide into tungsten over W02



Chapter 4. Preparation of W-Ni alloys by magnesio-carbothermal reduction of
tungsten and nickel oxides, nickel tungstate

For the preparation of W-Ni alloys, 11 molar ratio of metals was chosen as the model-
version. A careful analysis of the system will give insights into the synthesis of alloys with
other compositions. Stemming from the thermodynamic calculations, magnesio-
carbothermal co-reduction of tungsten and nickel oxides was performed in Ni0O-WO03
1.7Mg-xC system yielding Ni-W alloy. It is worthy to note that in the Cu0-W03Mg-C
system, combustion temperatures are comparably higher than the melting point of the
fusible metal (copper, 1083 °C). In contrary, for the Ni0O-W031.7Mg-xC system,
combustion temperatures in optimal conditions don't surpass the melting point of N;
hence, the reduction process occurs without melting the reduced metallic components,
which can increase the homogeneity of the obtained product. In contrast to the above-
mentioned W-Cu pseudoalloys, in the Ni-W system, Ni and W metals form nickel rich
intermetallic compound with specific molar ratio of metals Ni,AV3.

It is worth noting that in the Ni0O-W03-1.7Mg-xC system with high molar fraction of carbon
(x>4.5 mol), combustion wave propagates in a non-steady regime. The registered
thermograms for carbon rich Ni0O-W031.7Mg-xC mixtures are essentially different
showing anomalous fast cooling zone (Fig. 6b). As observed visually, the combustion
process is shown to have a wave propagation in spin-combustion mode.

Fig. 6. Temperature-time histories at combustion of the Ni0O+W03+1.7Mg+2.2C (a)
and Ni0O+W03+1.7Mg+5C (b) mixtures
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After cooling the reacted samples were crushed into a powder, subjected to acid leaching
for removing byproduct magnesia. The XRD analyses of acid treated samples showed, that
MgO was completely removed from the mixture by dilute solution of hydrochloric acid, as
no characteristic peaks of MgO were detected (Fig. 7).

Fig. 7. XRD patterns of combustion products of the W03+Ni0+1.7Mg+2.2C mixture
before (a) and after (b) acid treatment

The relative density of the SPS compacted (T=1350 °C, P=50 MPa, dwell time=3 min)
specimen was 95 % The average Vickers microhardness was measured to be 590+60
kg/mm2, which collaborates with the hardness of W-Ni alloy prepared by electrodepositing
method (530-570 kg/mm?2).

Parallel to experiments with oxide precursors, the synthesis of W-Ni alloy was studied
from NiW04Mg-C mixture as well. The microstructural analysis of NiWO04, synthesized by
two different routines (SCS (a) and furnace (b) methods), revealed that the salt prepared
by the furnace method possesses larger grains (Fig. 8). Prolonged exposure at high
temperatures (850 °C for 7 hours) resulted in grain coarsening. In case of the SCS
method, the temperature of the system reaches up to 1000 °C for only few seconds
second.

Fig. 8. SEM images of NiwW04obtained by SCS (a) and furnace (b) methods



The chemical homogeneity of the W-Ni alloy was examined by EDS mapping to determine
the spatial distribution of metals in the sample. As can be seen from the Figure 9, the
sintered material has a significantly high homogeneity compared to compact specimen
prepared from the powders by the reduction of oxide precursors.

Fig. 9. EDS mapping of the combustion product (W-Ni) after SPS consolidation

Considering that combustion processes are characterized by high temperatures and high
self-heating rates of substances in the combustion wave, the investigation of the interaction
mechanism and optimization of synthesis conditions become challenging. To tackle the
challenge, the reduction process was modeled at controllable heating conditions tuning the
process within the time and exploring the Ni-W formation pathway under programmed
heating rates by thermal analysis methods. XRD analyses of the quenched products
together with the kinetic data of the co-reduction of W03 and NiO oxides by Mg+C
combined reducer at various stages are used to elucidate the reduction mechanism under
non-isothermal conditions by Differential Thermal Analysis/Thermogravimetry (DTA/TG,
Vh=2.5-30 °C/min) and high speed temperature scanner (HSTS, Vh=up to 1200 °C/min).
According to the data obtained by DTA/TG technique, the reduction process starts by
magnesiothermal reduction of NIO (Tnae=615 °C; solid+solid mechanism) and afterwards
W03 (Tnae660 °C; solid+liquid mechanism). The reduction process continues by carbon,
which reacts with the remaining oxides (Fig. 10).

Fig. 10. DTA/TG/DTG curves of the NiO+W03+Mg+2C mixture, Vh=20 °C/min



The thermogravimetric examinations performed at various heating rates (2.5-20 °C/min)
allowed calculating the effective activation energy values (E,) for the reduction stages of
the studied reactions (Table 1} using Kissinger and Ozawa methods. These methods are
based on the Arrhenius’ equation modulated for the non-isothermal conditions of the
reaction in such a way where temperature is a linear function of time.

Table 1. Activation energy values for the reactions (Ni & W containing systems)

Reaction Heating rate, °C/min | Activation energy value, kl/mol
NiO+WO;+4Mg 2.5-20 152
NiO+W0,+3C 2.5-20 232
NiO+WO,;+Mg+2C 2.5-20 149
NiO+WO;+4Mg 300-1200 14610
NiO+W0;+2.5Mg+1.5C 300-1200 141+10
NiWO,+4Mg 300-1200 21610
NiW0,+2.5Mg+1.5C 300-1200 14810

The mechanism and kinetics of tungsten and nickel oxides joint reduction (as well as
NiWO,) by Mg+C combined reducer were also studied at high heating rates (up to 1200
°C/min: closer to the heating rates in combution wave).

Figure 11 depicts the heating curves of the reduction processes of (NiO+WO3) mixture (a)
and NiWO, (b) by combined (Mg+C) reducers at V,=300 °C/min. In both cases the
interaction starts after the melting of Mg and proceeds by a solid+liquid mechanism.

It was revealed that complete reduction of NiWO, takes place at 1000 °C, while in the case
of oxides mixture only the nickel oxide completely reduced, but the complete reduction of
WOj; was not achieved at the studied temperature range {up to 1300 °C).

2000 - A-Nio, wo, 2000 - A-NiWO,
B-W, WO,, NiO, MgO, W,C, Ni;; W, B-NiWO,, NiO, WO,, MgO, W, W,C
C-W, WO,, NiO, MgO, W,C, Ni,,W, C-W, MgO, Ni,, W,
1500 - D-W, WO,, MgO, Ni,,W, 1500 -
[&]
° 1000 °o 1000 -
- [ c
500 500 - A B
b
0 0 T T T T 1
0 50 100t 150 200 250 0 50 100 150 200 250
, S ts

Fig. 11. Heating curves of the NiO+W0;+2.5Mg+1.5C (a; A-725, B-800, C-1060, D-1300
°C) and NiW0,+2.5Mg+1.5C (b; A-720, B-830, C-1000 °C}) mixtures, V,=300 °C/min

Thus, by combining the results obtained, it can be proved, that the reduction reactions of
NiWO, by Mg and (Mg+C) combined reducer started earlier and it was possible to achieve
complete reduction at comparatively lower temperatures compared to the (NiO+WO,)
mixture. In addition, the magnesio-carbothermal reduction reactions of nikel and tungsten
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oxides and nickel tungstate began by ~20 and 30 °C earlier, than magnesiothermal ones
and about ~300 and 370 °C earlier, than carbothermal processes, evidencing on the
synergetic effect at utilization of combined reducers in the ternary and quaternary
mixtures.

To reveal the influence of the heating rate on the interaction mechanism, HSTS studies
were performed in a wide range of heating rates (100-1200 °C/min). An increase in
heating rate shifts the exothermic peaks of magnesiothermal reduction to the higher
temperature zones. Using the temperature data of exothermic peak’s maximum deviation
at different heating rates, the values of the effective activation energies for
magnesiothermal reduction stages are calculated by Kissinger's method (Table 1).

The heating rate has a decisive effect not only on the interaction pathway, but also on the
reduction degree. XRD analysis of the products of the NiO+WO;+1.5Mg+2.5C mixture
heated at 100 °C/min and higher (300-1200 °C/min) revealed that at 100 °C/min heating
rate the reaction proceeded completely. When the heating rate is 300 °C/min or higher
and heating continues to 1300 °C without holding at the maximum temperature, then
complete reduction of oxides does not take place, and partially reduced WO, remains in
the products.

Chapter 5. Preparation of W-Ag pseudoalloys by magnesio-carbothermal reduction
of tungsten oxide-silver mixture and silver tungstate

In this chapter a new pathway for the preparation of W-Ag composite nanopowder by
energy-saving combustion synthesis using reactions thermo-kinetic coupling approuch is
reported. Silver tungstate (prepared by chemical precipitation) and Ag+WOj; (prepared by
SCS) were used as initial precursors.

In Figure 12, combustion thermogram (a) and XRD pattern (b) of the SCS product are
depicted.
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Fig. 12. Combustion thermogram of (NH,);o(H,W,0,,)-4H,0+
+12AgNO;+8CHg0;+25NH,NO; mixture (a) and diffractogram of as-received product (b)

Figure 13 represents XRD pattern (a) and SEM images (b, c) of the chemically precipitated
o-Ag,WO,. Microstructural examinations reveal that the final product possesses fine-

grained rod-like particles.
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It was established that the reduction of Ag+WO03 mixture and silver tungstate under the
combustion mode using Mg+C combined reducer (Ag-W03yMg-xC; Ag2VN 04yMg-xC)
enables the preparation of target W-Ag composite powders with high-purity under
moderate thermal conditions.

- a-Ag2n/ o4

Fig. 13. XRD pattern (a) and SEM images (b, c) of the chemically precipitated Ag2n 04

The target W-Ag pseudoalloy (purified from magnesia) represented a porous powder with
20-30 nm particulates. The synthesized W-Ag powders were consolidated by SPS (T=1020
°C, P=50 MPa, dwell time=3 min) yileding a compact sample with 92 % relative density
and excellent homogeneity (Fig. 14). The Vickers microhardness measured for this sample
was 180+10 kg/mm2 being in the same order with the ones reported in literature
(prepared by blend sintering method; 165 kg/mm?2.

Fig. 14. SEM image (a) and EDS mapping (b) of the acid treated combustion product (W-
Ag) after SPS consolidation

The mechanism for silver tungstate reduction with combined (Mg+C) reducer (Ag2W 04
XMg-yC) was studied under linear heating conditions both at low (Vh=2.5-30°C/min) and
high heating rates (100-1200 °C/minJ).

At low heating rates for both the cases using separate reducing agents and a combined
reducer, the reaction began before the reaching melting point of magnesium. An
increased heating rate shifted the value of Tnatowards the high-temperature region (Fig.
15b).

It was revealed that the magnesio-carbothermal reduction of silver tungstate by carbon
starts at 410 °C, followed by simultaneouss reduction by magnesium and carbon at 640 °C
(Vh=10 °C/min).The reaction starts with a solid+solid interaction and proceeds transfers to
into a solid+liquid mechanism (Fig. 15a).
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Fig. 15. DTA and TG curves of the Ag2W 04+2Mg+2C mixture, Vhe10 °C/min (a) and DTA
curves of the Ag2W 04+2Mg+2C mixture at various heating rates, Vh=5-30 °C/min (b)

The effective values of activation energy (Ea for the magnesiothermal reduction stages for
binary (Ag2W 04Mg) and ternary (Ag2W 04Mg-C) systems were determined (Table 1).
In the case of high heating rates (FISTS technique) a weak exothermic effect was observed
in the heating curve of the Ag2W 04+2Mg+2C mixture (300 °C/min) between 450-670 °C,
followed by the strongly expressed exothermic (magnesiothermal) reaction (Fig. 16a).
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Fig. 16. Heating curve of the Ag2W 04+2Mg+2C mixture at 300 °C/min (a) and heating
thermograms for various heating rates, Vh=100, 150, 300, 600, 1200 °C/min (b)

According to XRD analyses, the reduction process in Ag2WV 04+2Mg+2C mixture starts with
carbon; the weak exothermal domain observed between 450-670 °C corresponds to the
carbothermal reduction reaction of silver. The second exothermic peak corresponds to the
magnesiothermal reduction of tungsten.

From Figure 16b, when switching to a higher heating rate, the exothermal peaks of the
interaction deviate to a higher temperature range allowing to determine effective Eavalues
by the Kissinger method (Table 2).
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Table 2. Activation energy values for the reactions (Ag & W containing systems)

Reaction Heating rate, °C/min  Activation energy value, kj/mol
Ag,WO0,+4Mg (I stage) 2.5-20 58
Ag,WO0,+4Mg (Il stage) 2.5-20 36
Ag,W0,+2Mg+2C 2.5-20 39
Ag,WO0,+4Mg 300-1200 119110
Ag,W0,+2Mg+2C

The calculations reveal that there is a difference in effective activation energy values at low
(Vh=2.5-30 °C/min) and high (Vh=100-1200 °C/min) heating rates, which may be caused by
the fact that in contrast to high heating rates, at low heating rates the magnesiothermal
reduction reaction begins before the melting point of magnesium and proceeds by
solid+solid mechanism.

Conclusion

1 Based on the principle of thermo-kinetic coupling of combustion reactions and the use
of a combined reducing agent (Mg+C), it became possible to organize the reduction of
oxygenous compounds of tungsten, copper, nickel and silver at moderate and controlled
temperatures and synthesize W-Me(Cu, Ni, Ag) nanocomposite materials with a particle
size of 10-50 nm.

2. It was shown that the use of salts (copper, nickel and silver tungstates) in comparison
with oxides, increases the homogeneity of metals' distribution in the target material,
reducing residual porosity in SPS consolidated samples.

3. It was revealed that the alloys obtained from SCS derived tungstates are more fine-
grained (10-30 nm) and beneficial for further consolidation process.

4. It is shown that both at low and high heating rates, the reduction of oxygenous
compounds by (Mg+C) combined reducer takes place at a significantly lower temperature,
compared to the reduction process with solely by magnesium or carbon, evidencing on the
synergetic effect at utilization of combined reducer.

5. The increase of the heating rate in the W03NiO-Mg-C, Niw04Mg-C, W 03Ag-Mg-C,
Ag2V 04Mg-C systems, shifts the reduction stages to the higher temperature area, which
makes it possible to identify the mechanism of multistage reactions.

6. For the first time the values of the effective activation energy of a number of
magnesiothermal and carbothermal reduction reactions have been determined.
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RULUM3UL UUrpsSU wUMsLL

Ubh Tcur£ ussuuerp eduotudnr UynusnrE@3nhuuGrp
vusueRPNMIU-UUrPNEGNU deruuuLatnhUt U3rvuL NedhUnhy
tU W-Me (Cu, Ni, Ag) KUUURNRLYUTLLE P UbLI3GRE

uveneughr

Upfuwwnwupp udhpywd b wypdwtu nbdhdnd (Mg+C) hwdwlygywd JYbpwlwuguhsny
Ynippwdh, wnush, uhlbih L wpdwpeh prywotwynp dhwgnigniittinh dhwthny
Yytpwlwuqudwtu ypngbutbiph nwnwtwuphpdwup nEywdwpynn wypdwu wypngbiutbphp
dhgngny L dnibpwd-wnhtus (W-Cu), dnibpwd-uhlytip (W-Ni), dnidpwd-wndwe (W-Ag)
Yndwnghwnwjht Uniebiph unipp thnphubiph unwgdwp:
Dniuyghnuw b Yunnigwdpwiht hwnynigyniuubiph (WGd hwpwpbpwlwi funniegyniu,
Yuwpdpnyeniu b wnwaqulwu  wdpniggniu,  pwpdp  nhdwnpnnulwungntu,
dwowlwyntunypynit, GYyniuniggnit b wyiu) wpdtipwynp hwdwnpdwdp punypwgpynn W-
Cu, W-Ni L W-Ag Undynghwnwjhu unyebph ulwumdwdp wénn hGunwppppnipinitup
wwdwuwynpjwd £ dh o2wpp wnwewwwn ninpunubpnud (Yhuwhwnnpnswihtu W hgnp
EiG4upnuwihu uwppbiph, wwownwwuhs Juwhwuwlubph b Gnwygdwu EGYunpnnutph,
dhypntGyinpnuwght uwppwynpnuiubph - wpwwnpneniu b wyu)  Ybpghuubiphu
wpryniuwybn - Yppwndwdp:  Nwwp,  wuptnhwwn - wénn d6d wwhwuswplyu
wuhpwdbpnniginiu £ unbindnid  Yuwwnwpbjugnpdtint wju  Ujnyebiph unwgdwt
wbfuuninghwu L dowybnt unp, wnwyb] wprgniwygbn ne inunbuwwbu swhwybin
dnwnbignuiubin:
Cwyodh  wnubiny  nGYywjwpgh Ywnngywdpny b hwwplyubph hwdwubn
pwofuwénipjudp  twunthnohubiph  unwgdwt  hbn Juwdwd  ndjwupnipniutbipp
(woluwwmwwnwpnieynu,  JdG§  tubpguodwluubp,  pwqdwihny - wpngbuubp,  thnpp
wpunwnpnnulwunyeinit), wnwowplyynwd t unwgdwt Jdhwihny in-situ wpngbu, nph
hwdwp  wjwinwlywtu  Gnwuwynud  Gppwnynn  dEnwnuihnohubph  hnfuwpbu
ogquwgnndynid kU dbwmwnubph opupnubph WYwd wnbph juwnungpn’ npybu wnwyb)
dwwghih  Guunebn: Hpywd  fuunhpp (nstint hwdwp  wnwowplynud £ pwpép
obpdwuwmhdwuwiht  huptwwnwpwdynn  upupbgh  (FhU)  dhongny, Yhpwnbiny
nbwlghwubph  sbipdw-Yhubwhhwlwu  gmgnpndwtu  dninbignudubpp,  Yunwywpt
wjndwu wpngbuh wwpwdbnptpp b Yupgwynpbp unnwgynn Yneh thngne hwinhyh
swihup, dbwnwnubph  pwojudwt  wuwhbwup:  Wpdwt  wpngbuh  wwjdwutbph L
Uwwwwlwjhu  wpgwuhpubph  punyewgpbph Ywnwywpdwu  huwpwynpnygniup
Yuwplnpynwd £ pwpédp hwpwpbpwlwu funnpjudp b pwpbuyws dEluwuhlulywu
hwwnynieniuubpng Yndywlin udnpubiph unwgdwt hwdwp:
Ppwywuwgyws  hbGwnwgnuneniuuphg  uwwgytp  Gu  hbwnlyw;  hpduwywu
wpryniupubipp’
e Glubiny wypdwu nbwyghwubiph sbpdw-Yhutnhlwywu gnignpndwu ulgpniuphg W
oquwgnpdbiny (Mg+C) hwdwlygdws Jbpwlwuguhs' Ynippwdh, wnusdh, uhybh L
wpdwph prYwduwynp Jhwgnipniuubph ybpwwugudwu wypngbup Yugdwytpwyb b
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dbnd nt Juwnwywpbjh sbpdwumnhtwuwiht wywjdwutbpnud b uhupbqyt; 10-50 ud
dwuthyp swihu niutignn W-Me (Cu, Ag, Ni} twunyndwnghwnwiht ujnyabin:

e  Mnuéah, uhybtih b wpdwpeh Yyndpwdwnubph Yhpwnndp, h hwdbdwn opuhnubiph,
Uywuwnb] £ wywwnwlwiht  Ungend dGnwnubph pwpfudwt hwdwubinnigjwt
dtdwgdwun U bbywnpwyudwihu nwywdwu nwiuwynyd unwgywd Yndwwlwn udniph
duwgnpnwiht dwynwunlunipyuwu qquih tjuqdwun:

e LUU bnwuwyny uphupebqus ynippwiwwnmiubphg unwgyws hwdwdnyywdpubpp
wnwybt| dwupwhwwhly o (10-30 wd) b owhblwu hbwnwgw Yndywlyunwynpdwt
hwdwnp:

e by nuunwn, U wpwg wwpwgiwt wwidwltbpnd bught  prywduwdnp
dhwgnipyniuutph  Jepwlwugqunup (Mg+C) hwdwlygyws Ybpwlwuguhsny wbnh k
nwbunWd  gquihnpbt  wyblh gwdp  ebpdwunpbwund® h hwdbdwwn  wnwudhu
ytpwlwuqupsubpnd  Jepwlwuqudwu  wpngbup, husp Jywind £ wpnwhwjndws
uphutipgnhYulwu Epbluinh dwupu:

e WO3;-NiO-Mg-C, NiwO,Mg-C, WO;-Ag-Mg-C, Ag,WO,-Mg-C hwdwlwnpgbpnui
wnwpwgdwu wpwgniejwt dEdwgdwup gnigpupwg wbnh £ nwbund nGwlghwih
thnytiph wbnwowpd ntiwh pwpdpgipdwuwnhbwuwht whpnye, hugp pnyp £ ndty
pwgwhwjnt| pugdwihny nbwlyghwubph dbfuwuhqdp:

e Unwoht wuqwd npnpdt; LGu Jdh owpp dwglbghnwpebpd U Jwppnpbipd
nGwyghwubph E$bYwhy wywhjwgdwu Futipghwh wpdbpubpp nwunwn L wpwq
nwpwgdwu wwjdwuubpnid:

3AKAPAH MAPUETA KAPEHOBHA

MATHWIA-KAPEOTEPMUYECKOE BOCCTAHOBJIEHUE KUCNIOPOJHbIX
COEJVMHEHUU PAJA METAIIOB B PEXMUME TOPEHUA
U CUHTE3 W-Me (Cu, Ni, Ag) CITIJTABOB

PE3IOME

Pabota nocBAllleHa M3YYEHWIO MPOLLECCOB BOCCTAHOBNEHUA KUCTOPOAHBIX COEAUHEHWUIA
Bonbchpama, mMemu, Hukena u cepebpa B pexume ropeHua c npemeHeHvem (Mg+C)
KOMOVHWMPOBAaHHOTO BOCCTAHOBUTENA W MOJYYEHUA TOHKUX MOPOLUKOB KOMMO3UTHBIX
matepuanos Bonbgpam-meab (W-Cu), sonbtppam-vukenb (W-Ni) n Bonbcppam-cepebpo (W-
Ag) nnAa panbHelillero aNeKTPOUCKPOBOrO KOMNAKTUPOBAHUA.

PacTywmii nHTepec K KomnosuunoHHbiM MaTtepuanam W-Cu, W-Ni n W-Ag, Kotopble
XapaKTEepU3YIOTCA LEHHBIM COYETaHMEM (PYHKLMOHANBHBIX W CTPYKTYPHbIX CBOWCTB
(BblCOKAA OTHOCMTENbHAA MNIOTHOCTb, TBEPAOCTb W 3MACTUUHOCTb, MPEBOCXOAHARA
CTOMKOCTb K UCTUPaHWIO, U3HOCOCTOWKOCTb, MTMOKOCTE U T.4.), obycnosneH achdpeKTMBHBIM
UCMONBb30BaHMEM 3TUX MaTepuanos B paje Bedylumx obnacTeil (MomynpoBOAHWMKOBAA
TEXHUKA, MPOM3BOACTBO MOLLHBIX 3NMEKTPOHHBIX YCTPOMCTE W 3alUWTHbIX MaHene,
CBapoyHble 3MEKTPOAbl, MUKPO3NEKTPOHHble obopyaosaHuAa W pAp.). Pactywmii cnpoc
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nopom,u,aeT HeO6XO,ﬂ,VIMOCTb COBepLIJeHCTBOBaHI/Iﬂ TEXHONOMNN nonyquvm 3ITnNX MaTepmanos,
pa3paboTku HoeblX, Oonee 3PQEKTUBHBIX WM IKOHOMUYHBLIX MOJXOJOB. Y4WUTbIBaA
prﬂ,HOCTl/I, CBA3aHHbIE C nonyqumeM HaHOI'IOpOLIJKOB C Oﬂ,HOpOﬂ,HOVI, yl'lpaBJ'IﬂeMOﬁ
CTPYKTYpOi1, HeobXoAuMoll YMCTOTOW W pacrpedeneHnem 3epeH (TPYJAOeMKOCTb, BbICOKUE
BanaTbI 3HeprV||/|, MHOFOCTyI'IeH‘-IaTbIe HpOLLeCCbI, H1U3KaA I'IpOI/I3BO,l],l/ITeJ'IbHOCTb),
npefnaraeTcA OJHO3TaMHbIN in-Situ Mpouecc NpousBOACTBA, MANA KOTOPOro BMECTO
METaNIMYECKNX MOPOLLKOB, UCMO/b3YeMbIX B TPaAULMOHHOM METOAE, B KadyecTse Havwbonee
J],OCTyI'IHbIX NCXOAHbIX MaTepmanos MOMHO NCMNOMb30BaTb CMeCb OKCUAOB METannoB I/I/I/IJ'II/I
conei.

Lna peLueHua MocTaBneHHoM 3aja4n npegfaraeTca C npUMEHeHUEM
CaMOpacnpoCTpaHAIOLLErocA BbicokoTemnepatypHoro cuntesa (CBC) u ucnonbsoBaHnem
TEPMO-KMHETUHECKOTO COMPAMKEHNA peakuuii, ynpasnaTb napameTpamm npouecca ropeHus,
perynuposaTb pasMep YacTWL, W CTeMeHb pacnpefeneHus MeTalnoB B MOAy4aemMom
MaTepmane. BO3MO)KHOCTb ynpaBneva XapaKTepI/ICTI/I‘-IeCKVIMI/I napameTpaMM LeneBblx
MaTepmanos I/ICI'IOJ'Ib3yeTCF| ana nonyquvm KOMNAKTHbIX o6pa3u,0|3 C BbICOKOﬁ
OTHOCUTENBHOW MNOTHOCTBIO U YNyULLIEHHBIMU MEXaHUYECKUMI CBOUCTBaMM.

B pe3yanaTe I'IpOBe,l],eHHbIX VICCJ'Ie,l],OBaHI/IVI 6bIJ'Il/I I'IOJ'IyL{eHbI cne,u,yrou_l,me OCHOBHbIE
pesynbTarbl:

o+ Ha ocHoBe npuHUMNA TEPMO-KUHETUYECKOTO COMPAMEHWUA peaKkuuili ropeHna u
UCMonb3oBaHUA KomOMHVpoBaHHoro BoccTaHosuTens (Mg+C), mpouecc BoccTaHoBREHUA
KUCNOPOAHBIX COeAVHEHU Bonbdpama, Meau, HUKena u cepebpa peaiusoBaH Npu
YMEPEHHbIX U KOHTPONMpYeMblXx  TemmepaTypax TrOpeHWA, 1 CUHTE3UPOBaHbI
HaHokomnosuTHele Matepuanbl W-Me (Cu, Ag, Ni) ¢ pasmepom vactuy, 10-50 Hm.

+ Wcnonb3oeanve coneit (CuWO,, NiWO,, Ag,WO0,), no cpaBHeHWIO C oOKCUZamMu,
yBENMUMBAET OfHOPOJHOCTb pacrpefeneHuA MeTalioB B LENEBOM Matepuane, MU
cnocobCTBYET YMEHBLLEHWIO OCTATOYHOM NOPUCTOCTH B KOHCONUAMPOBaAHHbIX 06pasLiax.

+ Cnnaebl, NonyYeHHble U3 BONbMIPAMOB MeOM, HUKena W cepebpa, CUHTE3UPOBAHHbLIX
METOLOM ropeHua pacteopa, bonee menkosepHuctble (10-30 Hm) u acbcbekTMBHBI AnA
,u,aaneﬁLuero YNAOTHEHUA.

+ Kak B ycnoBuAX MeAN€HHOrO, Tak M Npu ObICTPOM HAarpeBaHWU BOCCTAHOB/IEHUE
KUCNOPOAHbIX COeAuHeHnid ¢ nomolbto (Mg+C) KOMOMHMPOBAHHOrO BOCCTAHOBWTENA
MPOUCXOANT MpU 3HA4YUTENbHO Bonee HU3KMX TemmnepaTypax Mo CPaBHEHMIO C MPOLLECCOM
BOCCTAHOB/IEHUA C OTAENbHbIMW BOCCTAHOBUTENAMW, YTO YKA3blBAeT Ha BblpameHHbIN
CHHepreTMyecknii adbchekT.
o B cucremax WO;-NiO-Mg-C, NiWO,-Mg-C, WO;-Ag-Mg-C, Ag,W0,-Mg-C no mepe
YBEIMYEHUA CKOPOCTM  Harpesa OTAENbHble CTagMM  peakumii  cMellalotca B
BbICOKOTEMMEPATYPHbIl AMAMNasoH, YTO MO3BOAET BbIABUTb MEXaHU3M MHOroCTafMiAHbIX
peaKLmid.
+ Bnepeble onpenenenbl  3chdekTMBHBIE  3HAuEHMA  3HEPrUKM  akTMBALMM  pAja
MarHUATEPMUYECKUX U KapOOTEPMMYECKMX  peaKkuMil  BOCCTAaHOBNEHWA  OKCUAHbIX
coefMHeHnit Bonbdpama, Meln, HUKena U cepebpa B YCNOBUAX MeLJIEHHOro U BbICTporo
Harpesa.
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