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a b s t r a c t

In this work, experiments with stoichiometric WO3 + 3Zn mixture, diluted with NaCl, were conducted
for nanostructured tungsten synthesis. The reaction samples, preheated until 720 K, were self-ignited
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and reacted in the steady combustion regime. The temperature–time profiles in the combustion wave
were collected over the NaCl interval from 1 to 6 mol, and the values of the combustion parameters (Tc,
Uc) were evaluated. From these profiles the spatial distributions of heat generation rate �(x) and degree
of conversion �(x) in the combustion wave were received at different k values. The calculated activation
energy for the combustion process was E = 55 ± 2 kJ mol−1. After the reduction experiments, pure tungsten

e size
ungsten nanoparticles
ave structure

nanopowder with particl

. Introduction

Investigation of the combustion mechanism of self-propagating
igh-temperature synthesis reactions (SHS) is of significant inter-
st from both fundamental and practical viewpoints. The current
tatus of computational methods and tools allows the simulation
f the combustion process; however, in order to develop an ade-
uate combustion model, it is necessary to have experimental data
or each individual system, including the combustion mechanism
nd chemical reaction kinetics. To date, most of the knowledge on
he combustion mechanism and chemical reaction kinetics occur-
ing during the combustion of SHS systems is derived from studies
f the time–temperature profiles and combustion wave structure
1–3].

Generally, the time–temperature profiles of combustion pro-
esses are measured by thermocouples, point and linear pyrom-
ters, and 2D thermal video systems [4–6]. However, the most
ccurate method to obtain data on the combustion wave ther-
al structure is the thermocouple method. A variety of systems

borides, silicides, hydrides, etc.) were investigated by thermocou-
le method and the obtained results contributed to an in-depth
nderstanding of the high-temperature kinetic and reaction mech-
nisms [7,8]. Two mathematical approaches have been proposed for
he analysis of temperature profiles, one by Zenin [7] and the other

y S.D. Dunmead et al. [9,10]. Both of them allow the extraction of
he kinetic parameters of rapid combustion reactions.

Refractory oxide (WO3, Ta2O5, TiO2, etc.)/magnesium mixtures
re of interest for the synthesis of metal nanopowders and manufac-
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turing compact materials with dramatically improved mechanical
properties for aerospace, military, chemical and metallurgy appli-
cations. Nanosized tungsten is the most promising among the
refractory metals, and the commercial demand of this powder has
been growing rapidly. The combustion synthesis of tungsten pow-
der from WO3 + 3Zn system was first reported in Ref. [11]. It was
shown that the reduction mechanism of WO3 by Zn is multistage
process including the formation of low oxides of tungsten (WO2.9,
WO2.72 and WO2) in the intermediate stages of combustion. The
authors suggest that the combustion process in WO3 + 3Zn system
was mainly driven by evaporation of Zn. Therefore, a decrease of
combustion temperature from 1340 to 1050 K was recorded, when
Zn evaporation was suppressed by an inert gas pressure. However,
tungsten powder obtained under the optimized reaction conditions
was mainly agglomerated and micrometer sized. We have recently
reported the synthesis of nanostructured tungsten powder from
WO3 + 3Zn mixture diluted with NaCl [12]. The method reported
allowed to synthesize W powder with particle size less than 100 nm
and an average oxygen concentration lower than 1.0 wt%.

In this article, we present an analysis of the kinetics and the com-
bustion mechanism of WO3 + 3Zn + kNaCl system as determined
from temperature profiles and XRD analysis data.

2. Experimental

WO3 powder (99.9% pure, particle size 10–50 �m; Grand Chem-
ical and Material Co., Ltd., Korea), Zn powder (99% pure, particle

size 5–10 �m; Daejung Chemicals and Metals Co., Ltd., Korea), and
NaCl powder (99.5% pure, particle size <50–150 �m; Samchun Pure
Chemicals Co., Ltd., Korea) were used as starting materials. WO3
powder was first grinded into a fine powder (≤200 nm) and then
thoroughly mixed with Zn and NaCl powders by ball-milling for at

hts reserved.
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Nomenclature

K concentration (mol)
L thickness (m)
Tc combustion temperature (K)
T* maximum temperature in the reaction zone (K)
Uc combustion speed (cm s−1)
x distance (m)
Q heat of reaction (J mol−1)
t time (s)
c heat capacity (J mol−1 K)

Greek symbols
�(x) rate of heat generation (J m−3 s−1)
�(x) degree of conversion
� thermal conductivity (J mol−1 K−1)
� density (kg m−3)

Subscripts
c combustion
in. initial
fin. final
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tion may not be detected by thermocouples, if more than 7 mol of
NaCl is applied to the starting system. Despite this fact, the sam-
ple preheated to 720–750 K shows color change from grey to bluish
black indicating partial reduction of WO3. The behavior of the com-
Superscript
* reaction zone

east 12 h. Then, 350–400 g of the mixed powder was hand pressed
nto a metallic cup of 5 cm diameter and 10–15 cm length. The

etallic cup with the green mixture was loaded into the box fur-
ace and heated to 720 K (heating rate 3◦/min) under a constant
ow of argon gas. Self-ignition of the samples occurs near the Zn
elting point (700 K). In the experiments, �-shaped three thermo-

ouples consisting of Chromel–Alumel wires with 50-�m diameter
ere installed along with pellet to monitor temperature–time his-

ories of burning samples. The collected temperature–time profiles
nd the combustion parameters (Tc, Uc) were used to deduce the
teady combustion wave parameters of the reaction system.

The reaction products were treated with a dilute solution of HCl,
ashed with distilled water, and dried at a temperature of 320 K.

hase analysis of the reaction powders was carried out using an
-ray diffractometer (Siemens D5000) with Cu K� radiation. The
orphologies of the powders were analyzed using a scanning elec-

ron microscope (SEM; JEOL, Japan, JSM 5410) and field emission
canning electron microscope (FESEM; JSM 6330F).

. Results and discussion

The adiabatic combustion temperature of WO3 + 3Zn mixture
alculated by “THERMO” software [13] is about 1470 K. This mixture
s “weakly exothermic” and dilution with NaCl renders it incom-
ustible under ambient conditions. In order for the combustion to
ccur in a WO3 + 3Zn + kNaCl system, it is necessary to increase the
otal energy content of the system. An approach to introduce an
dditional energy source is to preheat the reaction mixture. There-
ore, basic experiments were carried out in a laboratory box furnace

ith a 3◦/min heating rate.

.1. Interaction mode
Combustion experiments performed in the WO3 + 3Zn + kNaCl
ystem (here k is mole number of NaCl) revealed a strong trans-
ormation of the green mixture to the final product, when the
eaction pellet was preheated to 670–720 K. It was unclear whether
ombustion or explosion occurred. To obtain information, three
Fig. 1. Temperature–time profiles of WO3 + 3Zn + 4NaCl mixture.

thermocouples were installed along with the sample to collect
temperature–time profiles. The typical temperature–time profiles
recorded at k = 4 are shown in Fig. 1. These profiles are distributed
in a normal range, from the top to bottom sequence, demonstrating
that the interaction of the green mixture was realized in the com-
bustion mode. It can be seen that the top surface of the specimen
is heated faster due to a stream of argon blowing on the surface
(convective heating). Therefore, self-ignition of the pellet occurs on
the top surface at temperatures close to the Zn melting point. The
combustion wave formed after the ignition propagates along with
the sample, converting the green mixture into the final product. All
thermocouples show a similar combustion temperature (1020 K),
independent of the preheating temperature.

3.2. Combustion parameters

Fig. 2 shows the influence of NaCl concentration (k) on the
combustion parameters (Tc, Uc). It can be seen that NaCl acts as
a heat “sink,” effectively decreasing the heat release per unit vol-
ume, maximum combustion temperature, and velocity. The lowest
combustion temperature was obtained in the mixture containing
6 mol of NaCl (920 K). Note that self-sustaining regime of combus-
Fig. 2. Combustion parameters (Tc , Uc) as a function of NaCl mole concentration.
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ig. 3. Averaged temperature distributions in the combustion wave of
O3 + 3Zn + kNaCl system.

ustion parameters of WO3 + 3Mg + kNaCl system is similar to those
f the diluted SHS systems [14]; however, combustion temperatures
ecorded in this study are low compared to those of traditional SHS
edox processes. Moreover, the combustion process occurs with
egligible gas release, and no sample elongation was found after
he reaction. Visual observations of burned-down samples show

homogenous black-colored surface and small shrinkage in the
adial direction.

.3. Thermal wave structure

Averaged and smoothed temperature profiles (TPs) for k = 2, 4,
nd 6 are shown in Fig. 3. They reveal the phenomenon of a wide
ombustion zone composed of the reaction and afterburning sub-
ones. There are two characteristic temperatures on these profiles:
* is the maximum temperature of the reaction zone and Tc is
he maximum combustion temperature. In the beginning of the

eaction zone, the temperature rapidly increases to T* and then a
ong tail of the afterburning zone follows. According to tempera-
ure profiles data, both T* and Tc decrease with NaCl concentration
Table 1). The size of the reaction zone (L1) estimated from the
Ps varies from 3 × 10−3 to 7 × 10−3 m, depending on the k value.

able 1
ombustion zone parameters of WO3 + 3Zn + kNaCl system.

(mol) � (kg m−3) Uc (cm/s) T* (K)

2300 0.15 1150 ± 15
2200 0.11 1040 ± 10
2200 0.08 940 ± 10
2100 0.06 890 ± 10
2000 0.045 870 ± 10

able 2
ome thermophysical constants.

(mol) Initial mixture

cin.� (×10−6 J m−3 K−1) �in. (J m−1 K−1)

1.34 481
1.3 481
1.3 481
1.22 481
1.17 481
Fig. 4. Temperature, T(x), conversion degree, �(x), and heat generation rate, �(x)
distributions in the combustion wave of WO3 + 3Zn + kNaCl system at different k
values.

Also, the chemical processes occurring in the reaction zone are
responsible for the wave propagation velocity. The afterburning
zone, which is responsible for post-combustion processes, has a
size L2 (from 10−2 to 3 × 10−2 m), and the wave propagation veloc-
ity cannot be affected by chemical processes occurring in this zone.
The temperature–time profiles results shown in Fig. 4 indicate that
the cooling process is controlled by concentration of salt. Simple
calculation shows that the cooling rate of the samples has been
decreasing from 3.0 to 0.5◦/s, when k increases from 1.0 to 6.0 mol.
This may be explained by the thermal conductivity values of NaCl
and W. According to the literature data, thermal conductivity of
NaCl (�NaCl = 4. 85 W m−1 K−1) is 35–40 times lower than thermal
conductivity of W (�W = 173 W m−1 K−1) [15]. Therefore, the ther-
mal conductivity with high NaCl content becomes sufficiently low,
minimizing cooling rate of the sample.

3.4. The macrokinetic laws of the combustion process
The averaged values of the thermophysical constants of the
initial mixtures and the final products are presented in Table 2.
These constants were evaluated using existing data from the liter-
ature and known approximations for solid porous systems [16–18].

Tc (K) L1 (×103 m) L2 (×103 m)

1170 ± 15 3 ± 1 10 ± 5
1070 ± 15 5 ± 2 15 ± 5
1020 ± 10 4 ± 1 30 ± 5

960 ± 10 7 ± 2 30 ± 5
915 ± 10 7 ± 2 30 ± 5

Final product

�fin. (×102 J m−1 K−1) cfin.� (×10−6 J m−3 K−1)

1050 1.55
1050 1.47
1050 1.47
1050 1.42
1050 1.34
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phases are amorphous and cannot be detected by the X-ray tech-
nique.

Additional information about the intermediate phases of reac-
tion, including tungsten low oxides was obtained from the samples
ig. 5. Arrhenius plot [ln Uc/T* vs. 1/T*] for the combustion process in
O3 + 3Zn + kNaCl system.

he macrokinetic constants of the combustion process were cal-
ulated by the method developed in the authors’ previous studies
5,19].

The equations that describe the steady combustion of SHS are
s follows:

(i) equation of heat conduction:

∂

∂x

(
�

∂T

∂x

)
− mc

∂T

∂x
+ � = 0 (1)

(ii) kinetic equation:

m
∂�

∂x
+ �

Q
= 0 (2)

(iii) boundary conditions:

x = −∞, T = To, � = 0

x = +∞, T = Tc, � = 1
(3)

The integration of Eqs. (1) and (2) result in the following expres-
ions for � and �:

= mc(T − To) − �in.(dT/dx)
(�fin. − �in.)(dT/dx) + Qm

(4)

= mQ
dT

dx
(5)

here � is the rate of heat generation, � is the degree of conversion,
is the heat of the reaction, m = �Uc is the mass velocity of combus-

ion, c is the averaged specific heat, and �in. and �fin. are the thermal
onductivity of the initial mixture and final product, respectively.
he typical experimental curves of �(x) and �(x) calculated by these
ormulas are shown in Fig. 4. The conversion degree � has a rapid
ncrease in the reaction zone, conditioned by the intensive reaction
f WO3 with Zn. The basic part of the green mixture (from 0.6 to 0.9)
ransforms to the final products in this zone. The basic heat release
ccurs near T*; the sharp peak of �(x) corresponds to this value.
his is the zone of the main heat release, which is responsible for
he combustion velocity. The change of kinetic parameters in the
fterburning zone is not essential.

According to the classical wide reaction zone concept, which was
eveloped by Merzhanov [20], the combustion velocity is deter-
ined by the T*, which is lower than Tc (Table 1) and can be

etermined only from the temperature distribution. In this case,
ombustion velocity can be calculated from the following equation:
2
c = AT∗ exp

(
− E

RT∗

)
(6)

The activation energy of the combustion process can be derived
rom the experimental values Uc and T* in Eq. (6); these values of
Fig. 6. X-ray diffraction patterns of the combustion products (k = 4), before (a) and
after the purification (b).

Uc and T* were processed in the coordinates ln Uc/T*–1/T* (Fig. 5).
The activation energy of E = 55 ± 2 kJ mol−1 was calculated from the
slope in the plot of ln Uc/T* vs. 1/T*. The low value of the acti-
vation energy seems to be attributed to WO3 (solid) + Zn (liquid)
mechanism of interaction because the diffusion of liquid metal into
solid particles of WO3 prior to the reaction has not required high
activation energy.

3.5. Product composition and morphology

As shown in Fig. 6(a), the pattern of the final product (k = 4)
mainly includes peaks of W, ZnO, and NaCl. After acid leach-
ing of the final product only the peaks of W appear in Fig. 6(b).
This indicates that the reduction of WO3 to metallic tungsten has
completed during the combustion processes. At the same time,
the chemical analysis showed 1.5–4.0 wt% oxygen in the W sam-
ples, depending on the synthesis temperature. It appears that
either oxygen is not chemically bonded or that the tungsten oxide
Fig. 7. X-ray diffraction patterns of the combustion products: (a) k = 8, before leach-
ing; (b) k = 8, after leaching; (c) k = 7, after leaching.
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ig. 8. SEM morphology of the fracture surface of the samples synthesized from
O3 + 3Zn + kNaCl mixture: (a) k = 1 and (b) k = 4.

iluted with large amount of NaCl. Fig. 7(a) demonstrates the phase
omposition of the final product synthesized with 8 mol of NaCl.
aCl and ZnO as major phases can be clearly seen here. However,
fter the dissolving of NaCl and ZnO phases, tungsten oxides (WO3,

3O) and zinc tungstate (Zn2WO4) have also been found in the
nal product (Fig. 7(b)). Diffraction peaks of WO3 and Zn2WO4 were
isappeared from the XRD patterns, when NaCl concentration was
ecreased to 7 mol (Fig. 7(c)). In this point W, WO2 and W3O phases
ere mainly appeared after the purification.

Using these data, the reaction pathway leading to the W forma-
ion can be proposed according to following steps:

(a) 450–500 ◦C temperature interval:

O3 + Zn → WO2 + W3O + ZnO (7)
O3 + ZnO → ZnWO4 (8)

(b) 500–600 ◦C temperature interval:

nWO4 → WO3 + ZnO (9)
Fig. 9. SEM micrographs of W nanopowders synthesized at different k values: (a)
k = 0 and (b) k = 6.

WO3 + Zn → W + W3O + WO2 (10)

(c) 600–800 ◦C temperature interval:

WO2 + Zn → W + ZnO (11)

W3O + Zn → W + ZnO (12)

The SEM morphology of the final products obtained at k = 1 and
4 are shown in Fig. 8(a) and (b), respectively. Hollow spherical par-
ticles can easily be seen in these micrographs. The microstructure
analysis suggests that the basic reduction process of WO3 occurs
after the actual melting of the zinc. Consequently, this melting
precedes the hollow sphere formation. The authors think that the
chemical interaction between WO3 and Zn first occurs on the sur-
face of the molten zinc particles. Consequently, the shortage of zinc
on the surface layer generates a concentration gradient, and the
liquid zinc, under the tension forces, continuously moves from the
core to the shell, resulting in hollow particle formation, as shown
in Fig. 8. When the combustion temperature is higher than the NaCl

melting point (Fig. 8(a)), the hollow particles of the final product
become covered with molten NaCl, which is why the shell thickness
of the hollow spheres is large. When the combustion temperature
is lower than the NaCl melting point, the shell formation process
occurs without the participation of NaCl (Fig. 8(b)). In this case, the
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hell of the hollow spheres is thin and the spheres are surrounded
y large solid particles of NaCl.

After acid enrichment, the hollow spherical assemblies break
p, resulting in fine W powder. The micrographs of W powders pre-
ared at k = 1 and 6 are shown in Fig. 9(a) and (b), respectively. As
an be seen from Fig. 9(a), when 1 mol NaCl is used as diluent, it pro-
uce a higher combustion temperature (1170 K) and the particle size
stimated from the micrographs is in 100–500 nm range. High con-
entration of NaCl produced lower combustion temperature (915 K)
nd approximately 50 nm sized W nanoparticles. Tungsten particles
re well dispersed, because NaCl makes protective layer between

particles from the agglomeration.

. Conclusions

The combustion process in a WO3 + 3Zn + kNaCl system was
nvestigated under preheating conditions using a thermocouple
echnique. Self-ignition of the samples close to the Zn melting point
as observed. The temperature–time profiles in the combustion
ave were collected over the NaCl interval from 1 to 6 mol, and

he values of the combustion parameters (Tc, Uc) were evaluated.
t was shown that low combustion temperatures (915–1170 K) and

ave propagation velocities (0.045–0.15 cm/s) are characteristics
f this system. Wide combustion zones comprised of the reaction
nd afterburning sub-zones were realized in the combustion wave.
he distribution of the heat generation rate �(x) and degree of con-
ersion �(x) in the combustion wave was received at the different
values. The activation energy for the combustion process was

alculated to be E = 55 + 2 kJ mol−1.
The morphological study of the final products revealed the for-
ation of micrometer-sized hollow spherical particles comprised
f ZnO, W and a variable amount of NaCl. After acid enrichment,
he hollow spherical assemblies broke up, resulting in fine W pow-
er. The smallest particles about 50 nm were obtained with 6 mol
f NaCl.
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