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bstract

The process of copper oxide (CuO) reduction under the combustion mode was studied. A new class of so-called combined reducers (CR) was
sed which represent solid organic compounds of the C H N type. Thermodynamic calculations of combustion in the CuO–CR system were
erformed. On their basis proper experiments were carried out, revealing that reducing conditions (combustion temperature and velocity) and
onversion degree for copper oxide may be controlled by changing the type and amount of the reducer, inert gas pressure, etc. The main factors

etermining phase composition and microstructure of formed combustion products were established. A possible mechanism of the reduction
rocess during propagation of a combustion wave in the CuO–CR system was suggested based on the researches carried out and their comparison
ith literature data.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Powdered copper is widely used in the pure state as well as
n the composition of various alloys in the power, electrical and
ngineering industries [1,2] because of its high electrical and
hermal conductivity and corrosion resistance. It is a promising

aterial in electronics, in manufacturing dense spray formed
olds, electrical circuits, termination pastes, conductive inks,

nner electrodes, catalysts, etc.
Various conventional methods for preparing copper powders

ave been proposed, such as mechanical pulverization, atom-
zation, electrolysis, evaporation and chemical wet reduction of
opper salts [3–5].
Powders of several metals have been already obtained by the
elf-propagation high temperature synthesis (SHS, or combus-
ion synthesis) method [6–8]. In all cases the process was carried
ut using appropriate oxides and different reducers. Advantages
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f the combustion synthesis approach in comparison with con-
entional methods are low energy consumption for achieving
igh temperatures, high rates of conversion, the simplicity of
quipment used and high quality of final products. Taking into
ccount these results it is assumed that powdered copper can
e also obtained by reduction of copper oxides under the self-
ustaining combustion mode.

It is common knowledge that hydrogen [9,10], carbon
onoxide [11,12] or carbon [13–15] are often used as reduc-

rs in metal oxide reduction. It is assumed that some CxHy-type
rganic polymers (polystyrene, polyethylene, and polypropy-
ene) or CxHyNz-type nitrogen-containing organic substances
melamine, urotropin) can be used as reducing agents. These
rganic compounds contain different reducing elements (C, H)
nd can also be considered as so called “combined reducers”
CR). The thermodynamic analyses have shown that copper
xide reduction by CRs is characterized with high enough
xothermic effect, which allows to obtain copper from cop-

er oxide under the combustion reaction. At the same time,
s follows from calculated date, in all cases adiabatic com-
ustion temperature of reduction process is lower than melting
oint of copper (1083 ◦C). This fact points to the possibility
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Table 1
The list of reagents used

Initial powder Trademark Purity (%) Particle size (�m)

Cupric oxide CuO Tech. conditions of manufacturing 6-09-4680-78 99.7 Less than 60
Polystyrene (PS) ( C8H8 )n PES-1 99.5 Less than 10
Polyethylene (PE) ( C2H4 )n PND 277276-273 99.9 Less than 10
P anufacturing 21030-16 99.5 Less than 10
U anufacturing 6-09-09-353-74 99.9 Less than 10
M anufacturing 756729-423 99 Less than 10
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resulted from the heat generated at copper oxide reduction.
The concentration of polystyrene gradually effects also the
olypropylene (PP) ( C3H6 )n Tech. conditions of m
rotropin (UR) (CH2)6N4 Tech. conditions of m
elamine (MA) C3H6N6 Tech. conditions of m

f obtaining powdered copper under the self-sustaining
ode.
In this work the results of copper reduction from the CuO

xide by solid CRs using advanced combustion synthesis
ethod are presented. Combustion laws for CuO–CR systems

epending on the type and amounts of applied reducer, inert gas
ressure, particle size of copper oxide and other parameters were
tudied. The factors influencing on the microstructure of reduc-
ion product, as well as the reduction mechanism were revealed.

. Experimental procedure

The combustion process was performed in a constant pressure
eactor in argon atmosphere (with a purity of 99.7%, 0.2% oxy-
en). In Table 1 the list of used initial reagents is shown. A green
ixture of the reactants was homogenized in a ceramic mortar.
hen cylindrical pellets 20 mm diameter and 40 mm height were
ade in a stainless steel mold.
During a typical experiment the pellet was placed into

he reactor and the combustion was initiated by means of a
ickel–chromium wire connected to the power supply, which
as programmed to produce an energy pulse by setting 12–18 V

or about 1.0–2.0 s. The maximum combustion temperature (Tc)
nd the temperature distribution on the combustion wave were
easured by chromel–alumel thermocouples 100 �m in diam-

ter, previously covered with a thin layer of boron nitride and
mbedded in the center of the sample at predefined distances
rom each other. The output signals of thermocouples were trans-
ormed by a data logger at the rate of 2 kHz, and were recorded
y computer. The average values of combustion velocity (Uc)
ere calculated as follows: Uc = l/t, where l is the distance
etween thermocouples; t is temporary distance between the
ignals of thermocouples. The standard error of measurement
or Tc and Uc were ± 10 ◦C and 5%, respectively. The com-
ustion products were exposed to XRD analysis with CuK�
adiation (DRON-3.0 diffractometer) and SEM observations
ere performed via BS-300 scanning electron microscope. Gas-

hromatography technique (LQM-72) was used for analyzing
ombustion gaseous products.

. Results and discussion
.1. Thermodynamic analyses for CuO–CR systems

One of the primary tasks to design the combustion synthesis
ystem successfully is to carefully consider the thermodynamics.

e

�

ig. 1. Thermodynamic analysis for the CuO–αPS system with CO formation
a) and without it (b).

or estimating the value of adiabatic combustion temperature
Tad) and equilibrium composition of the final products, prelim-
nary thermodynamic analyses of the CuO–CR systems were
erformed using the program “ISMAN–THERMO” [16], devel-
ped for multicomponent heterophase systems. Calculation of
quilibrium characteristics is based on the minimization of the
hermodynamic potential of the system, the expression of which
ccounts for the contributions of thermodynamic potentials for
ll the components present in the system taking into account
heir concentrations.

The results of calculations for the CuO–αPS system (where
is PS/CuO ratio and changes from 0.025 to 0.125) are given in
ig. 1. It should be noted that analyses were performed taking

nto account the formation of carbon monoxide (Fig. 1a), and its
bsence (Fig. 1b) in the combustion products1.

It can be seen that within the interval 0.025 < α < 0.05
he adiabatic combustion temperature increases from 610 up
o 850 ◦C. It is natural to suppose that the change of Tad
quilibrium composition of the products: for α < 0.05 the reduc-

1 Note, that in the case of only CO2 formation the stoichiometric ratio:
= PS/CuO = 0.05.
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Table 2
Combustion parameters, average heating rates of the CuO–CR system in combustion wave, phase compositions and �m of final products

System Tc (◦C) Uc (cm/s) V (◦C/s) Phase composition of combustion products �m (%)
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3.2.2. Combustion of the CuO–PS system
Experiments on combustion of CuO–αPS system have

pointed to good correlation with thermodynamic calculations by
uO–0.05PS 820 0.09 300
uO–0.167PE 720 0.04 120
uO–0.111PP 700 0.09 100

ion of CuO occurs incompletely. The interval 0.05 ≤ α ≤ 0.055
eems to be optimal, as the thermodynamically expected reac-
ion products are as follows: Cu, H2O, and CO2. Within the
.055 ≤ α ≤ 0.125 interval, with taking into account of CO
ormation in combustion products, the adiabatic combustion
emperature is lower by about 100 ◦C as compared with the
bsence of carbon monoxide. The lower interaction temperatures
an be explained by occurring the CO2 + C ⇔ 2CO endother-
ic reaction. Besides, in the 0.055 ≤ α ≤ 0.125 interval for both

ases the adiabatic combustion temperature does not depend on
value, which can be related with exothermic decomposition

f polystyrene.
Equilibrium concentrations of gaseous compounds (e.g.

ydrogen, methane, CO2(CO), water) were also calculated. It
an be seen (Fig. 1) that undesirable carbon (graphite) by-
roduct is also thermodynamically expected at α > 0.055 with
he basic condensed product (copper).

Similar thermodynamic calculus for CuO–PE(PP) systems
ere also carried out. The adiabatic combustion temperature
iagram and equilibrium compositions of products were found
o be analogous with the CuO–PS system. It has been shown
hat for both systems the maximum adiabatic combustion tem-
erature corresponded to α = 0.167 (730 ◦C) and 0.111 (770 ◦C),
espectively.

Thermodynamic calculations for the reduction of cupric
xide using urotropin and melamine as reducers were also per-
ormed. The adiabatic combustion temperatures and equilibrium
ompositions of products calculated for CuO–UR(MA) sys-
ems dependence on CR/CuO ratio had the similar character
o the CuO–CxHy ones. The maximum combustion temperature
950 ◦C) for CuO-αUR system is obtained at α = 0.055. In the
ase of melamine maximum interaction temperature was lower
nough and made about 650 ◦C (at α = 0.111). In these α val-
es copper is the only solid product of reduction reactions. The
esults of calculations have also shown that for CuO–UR(MA)
ixtures gaseous combustion products basically contain carbon

xides, water, methane, hydrogen, as well as nitrogen.
Summarizing one can see that from thermodynamic view-

oint powdered copper can be prepared by reducing cupric oxide
sing CxHy-type polymers and nitrogen containing substances,
uch as urotropin or melamine.

.2. Combustion in the CuO–CR systems

Experiments, performed in accordance with thermodynamic

nalysis have confirmed that PS, PE, PP and UR reduce copper
xide under the combustion mode, while melamine does not dis-
lay this ability, probably because of relatively low exothermic
ffect.

F
(

Cu; small amounts of Cu2O 24.1
Cu; Cu2O 23.7
Cu, Cu2O and CuO 19.6

.2.1. Comparative study of combustion process for
uO-polymer systems

At first comparative study of copper oxide reduction by CxHy

ype polymers was carried out. Particularly, combustion parame-
ers of CuO-polymer systems (mixtures calculated for obtaining
ure copper) in inert gas atmosphere (P = 0.25 MPa), the tem-
erature distribution within the combustion wave, heating rates
nd some characteristics of formed products were compared.
he studies have shown that the highest combustion temperature

820 ◦C) was registered when using PS as a reducer (Table 2).
n the other hand, in CuO–PE(PP) systems the maximum

ombustion temperatures were lower by about 100 ◦C. In all
ases combustion velocity did not exceed 0.1 cm/s. Analyses
f combustion profiles for CuO-polymer systems (Fig. 2) have
hown that in the interaction zone the maximum heating rate
V = 300 ◦C/s) was observed in the case of PS, and for other sys-
ems the values of heating rates were three times lower. XRD
nalyses have shown that in the case of CuO–PS system product
btained contain copper and traces of Cu2O, while the amount
f the last compound tends to grow when passing to the CuO–PE
nd CuO–PP systems.

Note, that combustion products of the CuO–PP system apart
rom Cu and Cu2O contain also significant amounts of non-
eacted CuO. These data were compared by measuring the
eight gain (�m, %) of combustion products oxidized in air

t 700 ◦C (see in Table 2). As may be seen, the maximum value
f weight gain (24.1%) was observed in the case of oxidation
or product obtained at CuO–PS system. Note that the theoreti-
al maximum value of �m, fitting the case of pure (oxide-free)
opper formation is 25.2%). Based on these results it is safe
o suggest that polystyrene is the most convenient reducer for
opper oxide reduction under the combustion mode.
ig. 2. Combustion profiles for CuO–CxHy systems: (1) CuO–PS; (2) CuO–PE;
3) CuO–PP.
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ig. 3. Combustion parameters vs. ratio of initial compounds for the CuO–αPS
ystem at P = 0.25 MPa.

he dependency of combustion temperature on α (Fig. 3). Spe-
ial attention must be given to three features of the interaction in
his system: (i) the presence of combustion limits on polystyrene
oncentration (lower and upper limits were registered for α val-
es 0.035 and 0.09, respectively); (ii) the observed maximum
ombustion temperature (820 ◦C at α = 0.05) was found to be
ignificantly lower than the melting point of copper (1083 ◦C);
nd (iii) the combustion velocity also displays a maximum cor-
esponding to 0.09 cm/s at α = 0.05.

It should be noted that for α > 0.055 the values of combustion
emperatures were higher than adiabatic temperatures when CO
as taken into account (Fig. 1a) and were similar to the adiabatic

emperatures when CO was excepted in final products (Fig. 1b).
esides, the results of gas-chromatography analysis have shown

hat at α = 0.05 carbon monoxide is absent in gaseous products,
nd for α > 0.055 the amount of CO is very small (20 times
maller than amount of CO2).

The XRD analyses have indicated that for 0.035 < α < 0.05
he combustion products contain Cu and significant amounts
f Cu2O. The maximum intensities of copper peaks were regis-
ered at 0.05 < α < 0.06, where only trace amounts of Cu2O were
etected. Visual observations of combustion products have tes-
ified that at greater values of α (0.06–0.09) they contain black
egments, which were identified as graphite.

For revealing the influence of gas pressure on combustion
arameters and phase composition of products interaction in the
uO–0.05PS system was also studied in inert gas atmosphere
Fig. 4). As may be seen an increase in inert gas pressure (from
.013 to 0.5 MPa) leads to a rise in combustion temperature
from 680 to 820 ◦C) and velocity (from 0.03 to 0.11 cm/s). XRD
ata have testified (Fig. 5) that combustion products obtained for

ig. 4. Combustion temperature (Tc) and velocity (Uc) vs. inert gas pressure for
he CuO–0.05PS system.

o
t
l
i

F
t

ig. 5. XRD patterns for the CuO–0.05PS system at inert gas pressures 0.05 MPa
a); 0.2 MPa (b); and 0.5 MPa (c).

ressures up to 0.5 MPa contained copper and cuprous oxide,
hile at elevated pressures complete reduction of copper oxide
as observed (resulting in pure copper). Such character of the

eduction process can be explained by the fact that at lower
nert gas pressures certain amount of decomposed polystyrene
gaseous intermediates) may move off from the reaction zone
rior to reducing the cupric oxide.

Thus, it is obvious that the reduction process in the
uO–0.05PS mixture aimed at obtaining powdered copper may
e performed under inert gas pressures higher than 0.5 MPa. It
hould be noted that in the case of two other polymers at cer-
ain pressures of inert gas atmosphere (higher than for reduction
y polystyrene) the copper oxide may be completely reduced to
ure copper as well.

.2.3. Combustion laws of the CuO–UR system
Investigations have shown that combustion parameters

epending on UR/CuO ratio display similar character as in
he CuO–PS system. The maximum combustion temperature
790 ◦C) and velocity (0.04 cm/s) were registered for α = 0.055
t an inert gas pressure of 0.25 MPa. For this system the lower
nd upper concentration limits of combustion were observed at
values 0.035 and 0.093, respectively.
Influence of inert gas pressure on combustion parameters

as studied for the CuO–0.055UR system (Fig. 6). Results

btained have indicated that an increase in gas pressure leads
o higher combustion parameters. Particularly, it was estab-
ished that within the interval of 0.1–0.8 MPa a small increase
n the combustion temperature (from 740 up to 830 ◦C) took

ig. 6. Combustion temperature (Tc) and velocity (Uc) vs. inert gas pressure for
he CuO–0.055UR system.
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lace. For pressures of 0.8–2.5 MPa the combustion temper-
ture practically does not depend on pressure and changes
rom 830 up to 860 ◦C. Simultaneously, at pressures of
.1–2.5 MPa the combustion velocity increases from 0.026 up
o 0.17 cm/s.

XRD analyses for CuO–0.055UR system have shown that
t low inert gas pressures (up to 0.5 MPa) combustion products
ontain copper and significant amounts of unreduced cuprous
nd cupric oxides. At elevated pressures (from 0.5 to 2.5 MPa)
he peaks of cupric oxide in the XRD patterns disappeared (only
opper and cuprous oxide were registered), and at higher pres-
ures (more than 2.5 MPa) the combustion product contained
opper and traces of cuprous oxide. It is assumed that such
ncomplete reduction of copper oxide even at relatively higher
ressures is conditioned by low decomposition temperature of
rotropin (160 ◦C). Using DTA analysis method (with linear
eating rates from 0.04 to 0.33 ◦C/s) it has been shown [17] that
n the CuO–UR system urotropin completely moved off from
he initial mixture without reducing any copper oxide. Thus,
ne can conclude that the possibility of copper oxide reduction
y such an easy to decompose reagent as urotropin is condi-
ioned by rather high heating rates (of the order of 100◦/s) of
he reaction system, which may be realized readily if the reac-
ion proceeds in the combustion mode. On the other hand, the
omplete reduction is associated with high pressures (more than
.5 MPa) of the inert atmosphere that is responsible for effective
nteraction between copper oxide and intermediates of urotropin
ecomposition before they leave the system.

In Fig. 7 the combustion thermograms for CuO–0.055UR
ystem at various inert gas pressures are presented, and main
esults for combustion of this system are summarized in Table 3.
s may be seen, in the case of 0.1 MPa gas pressure the measured
alue of average heating rate (minimum) was about 25 ◦C/s,
hich is too low for the SHS processes, but is much higher that

he heating rates used in DTA.

.3. Microstrucural features of combustion product

Based on SEM observations the characteristic size of com-
ustion product particles depending on reaction conditions was
stimated. It has been revealed that the size of product particle

asically depends on combustion temperature and the size of
nitial copper oxide particles.

An indirect influence of the inert gas pressure on the prod-
ct particle size and morphology was observed too (Fig. 8). As

able 3
ombustion parameters of the CuO–0.055UR system and phase compositions
f final products at different inert gas pressures

(MPa) Tc (◦C) Uc (cm/s) V (◦C/s) Phase composition of final products

.1 700 0.025 25 Cu, Cu2O and CuO

.5 820 0.055 110 Cu, Cu2O

.8 830 0.08 140 Cu, Cu2O

.85 850 0.15 160 Cu, Cu2O

.5 860 0.17 210 Cu and traces of Cu2O
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ig. 7. Combustion profiles of the CuO–0.055UR system at different pressures:
a) −2.5 MPa; (b) −0.8 MPa; (c) −0.1 MPa.

he combustion temperature for the CuO–0.055UR system was
ound to be depending on inert gas pressure (see Table 3) and
rows from 700 up to 860 ◦C, this causes enlargement of the
roduct particle size.

It was revealed that samples burned at lower pressures
Fig. 8b) have morphology similar to the initial oxide powder
non-uniform particles with an average size range 10–30 �m),
hile at higher pressures (Fig. 8 c and d) enlargement of cop-
er particles was observed. Samples burned at 2.5 MPa pressure
onsist of particle agglomerates with an average size range of
0–60 �m.

.4. Reduction mechanism of copper oxide

Based on experimental results obtained and analysis of lit-
rature data an approximate scheme of reduction process was

uggested. It is assumed that the reduction of copper oxide
y combined reducers under the combustion mode begins with
ecomposition of the reducer. Thus, very initial stages of decom-
osition are accompanied with allocation of light fragments,
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