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ABSTRACT

An experimental study on the preparation of zirconium silicides was conducted using ZrSiO4-Mg,
ZrSi04-Si0,-Mg and ZrSiO4-ZrO,-Mg powder mixtures by the combustion synthesis (CS) technique.
Test specimens having different composition ratios including Zr:Si=1:2, 1:1, 5:4, 5:3, 2:1, and 3:1 were
employed in this study. Temperature profiles relative to all the starting compositions were measured
using thermocouples, and the values of the combustion parameters (combustion temperature and wave
velocity) were estimated using the same. The formation of ZrSi, ZrSi,, Zr5Sis, and Zr3Si, phases was con-
firmed by X-ray analysis; however, only ZrSi was produced as a single-phase product. The proposed
method was also extended to synthesize spherical ZrSi particles having mean diameters of 0.2-3.0 pm.
A comprehensive chemical pathway to describe the sequence of chemical reactions in the combustion

Microstructure wave was also proposed.

Phase composition

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Transition metal silicides are hard, inert, and have high electri-
cal and thermal stability [1]. Silicides are generally unaffected by
strong acids including aquaregia. Their resistance to oxidation, par-
ticularly at high temperatures, is largely due to the formation of a
tenacious oxide layer that passivates the surface to further attack
[2,3]. Among silicides, zirconium silicides can be considered to be
promising as future materials for the nuclear industry. Zirconium is
commonly used as a cladding material for nuclear reactors because
of its ultra-high neutron capture cross sections that significantly
reduce neutron fields in a reactor, thus reducing reactivity and cre-
ating a barrier between the fuel pellets and the coolant [4]. The
combination of zirconium with silicon has also been found to be
promising for use as a neutron reflector in next-generation nuclear
systems such as gas-cooled fast reactors. In such reactors, the reflec-
tor drives neutrons generated by nuclear reactions back to the core,
thus improving the reactor’s performance and preventing irradia-
tion damage to outer structural compounds. Simulation based on
the elastic scattering cross sections of zirconium and silicon sug-
gests that these are among the most promising elements; however,
because of their low melting point, they are not suitable for use in
gas-cooled reactor cores (where temperatures could reach 2273 K
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under incidental conditions). An attractive solution to overcome
this limitation is to combine zirconium and silicon into zirconium
silicides (Zr,Si, Zr3Si, Zrs5Sis, Zr5Sig4, ZrSi, and ZrSi; ), some of which
have fusion points of around 2473 K. However, apart from ZrSi,,
which unfortunately melts at 1893 K, other zirconium silicides are
not commercially available.

Various processing routes have been reported for synthesizing
zirconium silicides; these include the following:

e Silicothermic reduction of zirconium dioxide in vacuum at high
temperatures (1473-1773K) [5]. It has been established that
silicothermic reduction in graphite furnaces can yield only the
silicides ZrSi, and ZrSi. The lower-silicon phases Zr5Si3 and Zr;Si
cannot be produced by this technique.

Electrochemical synthesis from molten mixtures of alkali metal
fluorosilicates with oxides and fluorides of zirconium [6].
The electrosynthesis of zirconium silicides was carried out at
T=973-1023 K and almost all silicide phases were obtained.
Mechanochemical synthesis [7] using zirconium and silicon pow-
ders as raw materials. This method produces only small quantities
of silicide powder (approximately 5g); this is unsuitable for
industrial-scale use.

Reaction sintering of zirconium and silicon powders. This method
produces a ZrSi matrix containing embedded shell-like domains
of Zr, Zr,Si, and ZrSi, [8]. Other silicides (Zr3Si,, Zrs5Siy, Zrs5Sis,
and Zr3Si) hardly appear after long heat treatments.


dx.doi.org/10.1016/j.cej.2010.09.038
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:jonglee@cnu.ac.kr
dx.doi.org/10.1016/j.cej.2010.09.038

L-J. Cho et al. / Chemical Engineering Journal 165 (2010) 728-734 729

e Solid-state metathesis reactions between transition metal oxides
and alkali earth metal silicides to produce transition metal disili-
cides and alkali earth metal oxides [9].

e Self-propagating high-temperature synthesis (SHS) using an ini-
tial mixture of Zr-aSi (0.4 <« < 2.4) to produce all intermetallic
compounds in the Zr-Si system [10,11].

Among the abovementioned processes, SHS (also called com-
bustion synthesis, CS) is energy efficient and fast, and it can be
considered to be promising for the large-scale production of zir-
conium silicides. SHS of zirconium silicides was first carried out by
Sarkisyan et al., by burning the compacted pellets of a Zr-aSi mix-
ture (0.4 <« <2.4) in an inert atmosphere [10]. The formation of
Zr;Si, ZrsSis, Z1Si, and ZrSi; phases in the combustion wave was
revealed by X-ray analysis, but only the ZrSi, phase was obtained
in a single-phase form. Later on, a detailed kinetic study of a Zr-«sSi
system was conducted by Bertolino et al. [11]. The authors mea-
sured the temperature profiles in the combustion wave using an
array pyrometer technique and determined the apparent activation
energy relative to the propagation process. The synthesis param-
eters were studied as well, to reveal the synthesis conditions for
zirconium silicides.

Although the combustion synthesis of zirconium silicides has its
advantages, the use of the element powder makes the process cost
inefficient and thus, it may not be commercially viable. Therefore,
the synthesis of zirconium silicides in a more cost-effective manner,
using low-cost raw materials such as ZrSiO4, ZrO,, and SiO, has
generated great interest in the field of intermetallic compounds.

In the present study, the combustion process in ZrSiO4-Mg,
ZrSi04-Zr0,-Mg, and ZrSiO4-SiO,-Mg complex systems was
investigated by using the thermocouple technique to elucidate the
perspectives on the synthesis of zirconium silicide powders with
controlled morphology.

2. Experimental

ZrSi04 powder (64% ZrO,; particle size, <45 pm; Junsei Chem-
icals Co., Ltd., Japan), Mg powder (99% purity; particle size,
50-150 pm; Daejung Chemical and Metals Co., Ltd., Republic of
Korea), ZrO, powder (99% purity; particle size, <1.0 wm; Grand
Chemical and Materials Co., Ltd., Republic of Korea), SiO, pow-
der (98% purity; particle size, <45 wm; Junsei Chemicals Co., Ltd.,
Japan)and NaCl powder (99.5% purity; particle size <120 pm; Sam-
chun Pure Chemicals Co., Ltd., Republic of Korea) were used as
starting materials. In the proposed process, zirconium silicide pow-
ders are produced by the magnesiothermic reduction of ZrSiOy4
(or ZrSi04-Zr0O, and ZrSi04-SiO, mixtures) followed by the acid
leaching of the reduced mass to separate Mg-containing reac-
tion by-products from the zirconium silicides. For each sample,
the starting materials were weighed to target stoichiometries cor-
responding to the zirconium silicides, e.g., ZrSi (Tyel =2483K),
Z1Siy (Tyere = 1893 K), Zr5Sig (Thelt = 2523 K), Zr3Siy (Tipelr = 2488 K),
Zr5Si3 (Tipelr = 2453 K), and Zr,Si(2020 K). Mixing was carried out
using a ball-mill system in a polymer bottle with zirconia balls.

In a typical experiment, a cylindrical sample (diameter, 4cm;
height, 10-12 cm) was prepared from the initial reaction mixture.
Then, the sample was placed in a high-pressure reactor, and com-
bustion was carried out in argon atmosphere of 2.5 MPa to prevent
the evaporation of Mg. After the local ignition of the sample by
using a resistivity-heated nickel-chromium wire, a combustion
wave formed and propagated steadily from the top to the bottom
of the sample, converting the initial mixture into the final product.
During the combustion process, a data acquisition system (GL200A,
Graphtec Co., JAPAN) continuously recorded the time histories of
two tungsten-rhenium thermocouples (W/Re-5 versus W/Re-20;

diameter, 100 .m) previously inserted into the reaction pellet for
temperature measurements. The combustion parameters exam-
ined were the combustion temperature (T.) and combustion wave
velocity (U¢). The combustion velocity was calculated as Uc =1/t
(where t is the time interval between temperature profiles and I,
the distance between the thermocouples). After combustion, the
burned sample was ground into a powder for acid leaching. Dilute
HCI (10-15%) was used for all triturations. After treatment with
acid, the remaining solids were always rinsed with distilled water
and dried in vacuo.

Powder diffraction patterns were recorded using an X-ray
diffractometer with Cu-Ka radiation (Siemens D5000, Germany).
The powder morphology was studied using a scanning electron
microscope (SEM; JSM 5410, JEOL, Japan).

3. Experimental results and discussion

3.1. Phase diagram of Zr-Si system and combustion
thermodynamics

The phase diagram of the Zr-Si binary system is illustrated in
Fig. 1. It shows the existence of a large number of zirconium silicide
phases based upon the Zr/Si ratio: ZrSiy, ZrSi, Zr5Siy, Zr3Siy, Zr5Sis3,
Zr,Si, and Zr3Si [12]. Most of the silicides are stable at low tem-
perature; the notable exceptions are ZrsSis, 3-ZrSi, and [3-ZrsSigq
high-temperature phases. From the combustion synthesis point of
view, the most interesting concentration interval corresponds to
50-75 atomic% Zr, where zirconium-rich phases such as ZrSi, ZrsSiy,
Zr5Sis3, and Zr,Si can be obtained [10,11]. It should be noted that
most of the silicide phases have a narrow region of homogeneity,
and therefore, the simultaneous formation of neighboring silicide
phases can be expected irrespective of the synthesis technique used
(including the combustion method).

The synthesis of zirconium silicide phases by the magnesio-
thermic reduction of ZrSiO4-Zr0,-SiO, system is a new task in
the combustion synthesis field, and much useful information can
be obtained theoretically using “THERMO,” which is a thermo-
dynamic software specifically designed for combustion processes
[13]. This analysis allows the prediction of the adiabatic combus-
tion temperature (T,q) and equilibrium silicide phases under the
given pressure. Fig. 2 shows the change in the adiabatic combus-
tion temperature, T,4, and mole concentration (C) of equilibrium
products versus «- Here, o denotes the ratio of the Zr/Si atoms
in the reaction mixture (for instance, & =0.5 (ZrSiO4-Si0,-6Mg);
o =1.0 (ZrSi04-4Mg), o =1.67 (ZrSi04-0.67Zr0,-5.34Mg), o =2.0
(ZrSi04-Zr0,-6Mg), etc.). In all compositions the concentration of
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Fig. 1. Phase diagram of Zr-Si system [11].
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Fig. 2. Thermodynamic analysis of ZrSiO4-Zr0,-Si0,-Mg system.

ZrSi04 was constant (1.0 mole), and the changes in the Zr/Si ratio
were initiated by variations in the ZrO, and/or SiO, concentration.
As seen in Fig. 1, the adiabatic combustion temperature, T,4, which
is maximum at «=0.5 (2409 K), monotonously drops to reach its
minimum at «=3.0 (1823 K). At «=0.5 (the stoichiometric point
for the ZrSi, phase), the combustion product consists of ZrSi, and
MgO phases. Simultaneous formation of two silicide phases (ZrSi
and ZrSiy) along with MgO is predicted in the 0.5 <« <1 interval of
«. At o =1, thermodynamic analysis predicts the presence of only
ZrSi and MgO phases. An increase in « from 1.0 to 1.67 leads to
the formation of a new silicide phase, Zr5Sis, the concentration of
which constantly increases with ¢ up to its maximum at & = 1.67. At
this point, the combustion product contains only Zr5Si; and MgO
phases. Above this point, a Zr,Si phase also appears along with
Zr5Sis. A pure Zr;,Si phase is predicted to be formed at o=2. A fur-
therincrease in« (o > 2) negatively affects the product composition,
i.e., the formation of free Zr along with Zr,Si and MgO phases is ther-
modynamically favored. Thus, the thermodynamic analysis clearly
shows that four silicide phases (ZrSi,, ZrSi, Zr5Si3, and Zr, Si) may be
obtained in the combustion wave, from the designed system, under
the Mg pressure. However, single-phase silicides of zirconium are
expected only in the stoichiometric points («=0.5, 1.0, 1.67, and 2).

3.2. Combustion synthesis

Combustion experiments were performed following the compo-
sitions corresponding to the intermetallic compounds in the binary
Zr-Si system. All the reactions developed a stable self-propagating
front that proceeded throughout the entire sample. Temperature
profiles relative to all the starting compositions recorded using
thermocouples in the sample center are shown in Fig. 3. The bound-
ary between the preheating (left side of ordinate) and the reaction
zones (right side of ordinate) is related to the melting of Mg (923 K);
this initiates combustion between the reactant particles, leading to
the generation of alarge amount of heat within milliseconds. There-
fore, the temperature sharply increases at the boundary between
the preheating and the reaction zones. Most temperature profiles
exhibit a small and local vibration of temperature above 1473 K.
These vibrations appear to have some endothermic character and
are likely associated with the melting and evaporation of reac-
tion components such as Mg (Tiyejr =923 K, Tevap = 1380K) and SiO,
(Trmele = 1920K).

For all the compositions, the temperatures measured at the reac-
tion front were 1830-2130K (Fig. 4). The maximum temperature
values, 2100-2130K, were recorded for o=1.0-1.3. In addition,
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Fig. 3. Temperature-time profiles in ZrSiO4-Zr0O,-Si0,-Mg system versus «:
1-=05;2-0=10;3-0=125;4-a=1.67;5-a=2.0;6 —a=3.0.

in the 1.0 < < 3.0 diapason of «, the combustion temperature is
lower than the melting point of the corresponding silicide phases
(Te < Tipelt)- At < 1.0, the combustion temperature is higher than
the melting point of ZrSi, but lower than the melting point of ZrSi.
Despite the high chemical activity and the large amount of mag-
nesium in the reaction mixture, the combustion wave has a slow
propagation rate, which is a major advantage of the designed sys-
tem for the safe production of zirconium silicides on a large scale.
As seen in Fig. 4, the combustion velocity (Uc) correspondingly
changes from 0.13 to 0.18cm/s. It is likely that the high melt-
ing point (2823 K) and relatively large size of the ZrSiO,4 particles
(<0.45 mm) result in low burning rates in the designed system.

3.3. Phase composition and microstructure

The XRD patterns of the acid leached products for «=0.5, 1.0,
and 2.0 are shown in Fig. 5. For the Si-rich composition (¢ =0.5),
the main phase is zirconium disilicide (ZrSi,), the proportion of
which is approximately 80%, as estimated from Fig. 5(a). In addi-
tion to ZrSi,, a noticeable amount of ZrSi and unreacted Si is also
present in the final product. Single-phase ZrSi was obtained from
the ZrSiO4-4Mg mixture (o = 1) (Fig. 5(b)). The final products for the
other stoichiometries (o =1.67, 2, and 3) were always a mixture of
two silicide phases. For instance, at « = 2, the product is character-
ized by the high-temperature phase Zr5Si3 as the major component
along with Zr3Si; and Mg,Zr501, phases (Fig. 5(c)). More increase
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Fig. 4. Combustion parameters versus « (Zr/Si).
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Table 1

731

Combustion parameters (T, Uc) and the phase composition of acid leached final products.

Initial mixture o (Zr/Si) T, K U, cm/s Phase composition
ZrSi04-Si0,-6Mg 0.5 2050 0.14 ZrSiy, ZrSi, Si
ZrSi04-4Mg 1 2100 0.18 ZrSi
ZrSi04-0.67Zr0,-5.34Mg 1.67 2030 0.17 Zr5Si3, Zr3Siz, MgaZrs012
ZrSi04-Zr0,-6Mg 2 1985 0.15 Zr5Sis3, Zr3Siy, Mg,Zr5012
ZrSi04-2Zr0,-8Mg 3 1830 0.13 Zr30, Zr3Siy, Zr5Si3
ZrSi04-4Mg-0.5NaCl 1 2050 0.16 ZrSi
ZrSi04-4Mg-1.0NaCl 1 1870 0.12 ZrSi

ZrSi04-4Mg +1.5NaCl 1 1750 0.07 ZrSi

in the Zr concentration (o =3) results in the product being char-
acterized by Zr30 as the major component along with Zr3Si; and
Zr5Si3 phases (see Table 1).

The combustion synthesis of the Zr5Si3 high-temperature phase
from Zr+aSi (0.4 <o < 1.0) mixtures was first reported by Sark-
isyan et al. [10]. Thereafter, N. Bertolino et al. obtained similar
results by carrying out the combustion of Zr-Si pellets of 0.8 mm
diameter. It was shown that the amount of ZrSi phase in the final
product increases with the cooling rate: the higher the cooling rate,
the larger the amount of ZrSi present in the final product. In our
study, a large amount of Zr5Si3 phase was also recorded by X-ray
analysis irrespective of the composition of the initial mixture and
the relatively large diameter of the pellets (4.0 cm). Therefore, we
infer that the formation of Ti5Si3 in the combustion wave is related
not only to the fast cooling rate of the samples but is more likely
to be related to the specific features of the combustion process,
including fast heating and cooling rates, the specific mechanism
of the combustion reaction, etc., which make the formation of the
Zr5Si3 phase possible.

It should be noted that the product phases predicted by thermo-
dynamic analysis (Fig. 2) are not always the same as those obtained
experimentally (Fig. 5). One of the reasonable explanations is that
combustion may not fully follow the equilibrium thermodynamic
predictions and thermodynamic calculations can only serve as an
initial guideline for interpreting the experimental results.

Fig. 6 shows several fragments of the microstructure obtained
from different starting compositions. It is evident that all product
particles are mostly grouped together, forming porous aggregates
with a network structure (Fig. 6(a)). The size of the aggregates can
vary from 5 to 100 pm depending on the combustion temperature
and reaction conditions. Fig. 6(b and c) shows a magnified view of
the surface morphology of the particles. It can be seen that these
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Fig. 5. XRD patterns of acid leached final products: (a) «=0.5, (b) «=1.0 and (c)
a=2.0.

aggregates consist of micrometer-sized particles, and the size of
the pores formed between the particles is 1-3 wm. Normally, these
aggregates are brittle, and they can be easily ground into a powder.
Fig. 6(d) shows the particle microstructure after milling of the acid-
leached product synthesized at «=1 (the milling was carried out
for 2-3 h in ethanol using zirconia ball media). One can see that
combustion synthesized ZrSi particles have irregular shape and the
size less is than 10 um; however, some particles larger than 10 pm
also exist.

As indicated above, zirconium silicide microparticles with a
textured surface were obtained after acid leaching of the combus-
tion product. According to previous reports [14,15], the formation
of a porous structure by magnesiothermic reduction is generally
conditioned by the reduction of oxide phases on the surface of
molten magnesium particles. The combustion process converts the
ZrSi04-Zr0,-Si0,-Mg mixture to silicides containing multiphase
aggregated particles, and acid leaching extracts secondary phases
to leave a residue of porous silicide particles, as shown in Fig. 6.

3.4. Reaction pathway

The combustion process in ZrSiO4-Mg, ZrSiO4-ZrO,-Mg, and
ZrSi04-Si0,-Mg systems is a complex process involving, at a min-
imum, reduction reactions and post-reduction processes. All three
systems contain ZrSiO4 and Mg as the main reaction components.
Zr0O, and SiO, were added to control the stoichiometry of the
expected zirconium silicides. Here, we will first examine the reac-
tion pathway in a ZrSiO4—4Mg binary system.

3.4.1. ZrSiO4-4Mg system (a=1)

The combustion process in the ZrSiO4-4Mg system is highly
exothermic and runs individually under a self-sustaining regime,
generating a temperature of 2100 K (Fig. 3, line 2). The X-ray anal-
ysis data (Fig. 5(b)) shows that after acid leaching, the single-phase
ZrSiintermetallic compound was obtained. In this system, the com-
bustion temperature is higher than the melting and boiling points of
Mg (Tinelr = 923 K, Tpoii = 1363 °C) but lower than the melting point
of ZrSiOy4 (Tperr =2823 K). Therefore, the chemical formula of the
combustion process between ZrSiO4 and Mg can be represented as
follows:

ZrSiO4 (sol) + 4Mg(lig/gas) — ZrSi(sol) + 4MgO (sol) (1)

This is the basic and possibly a single-phase reaction in the
ZrSi04-4Mg system, which is also responsible for the entire com-
bustion process.

3.4.2. ZrSiO4-ZrO,-Mg system (1< <3)
Two reduction reactions run in this system: reaction (1) and the
reduction of ZrO, by Mg, which can be written as follows:

Zr0, (sol) + 2Mg(liq) — Zr(sol/liq) + 2MgO (sol) (2)

According to our experiments, the combustion waves cannot
run individually in the ZrO, + 2Mg system because of the low adi-
abatic temperature (T,q =1116K), and only the combination with
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Fig. 6. Typical microstructure fragments of combustion products after acid leaching: (a) porous aggregates formed after leaching; (b and c) surface microstructure of

aggregate; and (d) ground sample.

Zr,Si04 thermally activates the reduction of ZrO,. Consequently,
the occurrence of reaction (2) in the combustion wave is due to
heat generated by reaction (1).

The formation of the other silicides detected by X-ray analy-
sis (Zr3Si, and ZrsSi3) conceivably starts from ZrSi and Zr phases
formed by (1) and (2). These reactions can be written as follows:

2ZrSi(sol) + Zr(sol/liq) — Zr3Si; (sol) (3)
3ZrSi(sol) + 2Zr(sol/liq) — ZrsSi3 (sol) (4)

Some secondary reactions such as zirconium-magnesium com-
plex oxide formation also occur in the combustion wave at o« =1.67
and 2.0:

5Zr0; +2Mg0 — Mg,Zr501; (5)

3.4.3. ZrSi04-Si0,-Mg system (0.5 < < 1.0)

This system was designed to produce Si reach silicide of zirco-
nium, i.e. ZrSi,. The reduction stage involves reactions (1) and (6)
shown below:

SiO; (sol/liq) + 2Mg(liq) — Si(liq) + 2MgO (sol) (6)

Here, the combustion temperature is close to the melting
point of SiO, (~1600°C), and the reduction process occurs by
liquid-liquid and solid-liquid mechanisms, resulting in the for-
mation of elemental Si in the liquid state. This reaction has
a high adiabatic temperature (T,q=2214K) and can run in a
self-sustaining combustion mode at room temperature. Our mea-
surements revealed that the combustion wave of the SiO, +2Mg
system develops a velocity of 0.35cm/s and a temperature of
2000K. Therefore, reduction reactions (1) and (6) are independent
and run jointly. Here, the possible reaction for the formation of ZrSi,

(Fig. 4(a)) can be represented as follows:
ZrSi(sol) + Si(lig) — ZrSi; (sol) (7)

This is a simple and approximate reaction pathway, which can-
not include all possible reactions that occur in the combustion
wave. For instance, the reactions given below may also run in the
ZrSi04-Si0,-Mg system:

Si0y + Mg — SiO + MgO (8)
2Si0 — SiOy +Si (9)

It seems reasonable to suppose that the ZrSi phase formed by
reduction (1) serves as a “host” material to build the other silicide
phases by a simple combination with Zr or Si.

At a glance, it can be seen from Fig. 4 and Table 1 that
the ZrSi04—4Mg binary system has a velocity of 0.18 cm/s and a
change in the velocity upon addition of SiO, and/or ZrO, occurs
in the 0.12 <« < 0.18 cm/s interval. If we take into account the fact
that the velocity of the SiO, + 2Mg system is 0.35cm/s and that
the ZrO,-2Mg system cannot propagate individually, reaction (1)
becomes the best candidate for the leading process of the front
propagation.

3.5. Combustion reaction in ZrSiO4—4Mg—-kNaCl system

We also tried to alter the combustion parameters of the
ZrSi04-4Mg system in order to improve the microstructure of
the ZrSi particles and to estimate the effective value of the acti-
vation energy of the combustion process. The change of the
combustion parameters was realized by diluting the reaction
mixture with sodium chloride (NaCl). We have previously used
this procedure for the synthesis of transition metal nanopow-
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Fig. 7. Micrographs of ZrSi samples synthesized from ZrSiO4-4Mg-kNaCl composition: (a) k=0.5, (b) k=1.0, and (c) k=1.5.

ders by lowering the combustion temperature [16]. One can
see from Table 1 that the combustion temperature is reduced
from 2100K for the undiluted sample to 1750K for the sample
with the highest level of diluent. The wave velocity correspond-
ingly is reduced from 0.18 to 0.07 cm/s. It should be noted that
the lowering of the combustion temperature did not affect the
phase composition of the final product: it remained a pure ZrSi
phase after acid leaching. However, SEM observations revealed a
gradual change in the ZrSi microstructure: spherical particles of
various sizes were obtained after adding NaCl (Fig. 7). Spherical
and well-dispersed particles of ZrSi having sizes of 1-3 wm were
obtained with 0.5mole of NaCl (Fig. 7(a)). ZrSi particles having
sizes of 0.5-2 wm were obtained with 1.0 mole of NaCl (Fig. 7(b)),
whereas only submicrometer-sized particles of less than 500 nm
were obtained with 1.5mole of NaCl (Fig. 7(c)). It appears that
ZrSi particles gradually become spherical because of the effect
of the interfacial tension of the molten NaCl phase. In other
words, the ZrSi phase undergoes high-temperature dissolution-
precipitation processes, leaving behind the spherical particles
shown in Fig. 7.

The activation energy of the ZrSiO4-4Mg-kNacCl system associ-
ated with the combustion synthesis of ZrSi was determined using
the concept proposed by Zeldovich and Frank-Kamenesky [17] and
further modified by Merzhanov for SHS processes [18]. In this
concept, the relation between the combustion velocity and the
combustion temperature is represented by the following equation:

U? = AT e E/RTe (10)

Here, A is a constant, T, the combustion temperature; R, the
gas constant, and E, the effective activation energy of the com-
bustion reaction. For the calculation, the experimental values of
T. and U, were processed in the coordinates In(U¢/T.) — 1/Tc. The
results are presented in Fig. 8. The effective activation energy
of the combustion process in the ZrSiO4—4Mg-kNaCl system was
determined to be ~142.5kJ/mol (or 34kcal/mole). This value
is similar to that calculated by Zenin et al. for the combus-

*®7  zrsio,-4Mg-kNaCl

In(Uc/Tc)

5.1

1 E=142.5 kJol/mol
4.8

45 . . . . ; :
9.4 9.6 9.8 10.0 10.2

(1/T)*10°, K’

Fig. 8. Activation energy plot for reaction driving to formation of ZrSi.
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tion processes [19] and somewhat higher than that reported in
[11].

4. Conclusions

The combustion wave parameters (T, Uc) and temperature—
time profiles of the ZrSi04—Mg, ZrSi04-Si0,-Mg, and
ZrSi04-ZrO,-Mg systems were investigated to elucidate the
synthesis perspectives of zirconium silicide powders with con-
trolled morphology. For all the compositions, the temperatures
measured at the reaction front were 1830-2130K. Among the
systems investigated, single-phase ZrSi was formed only in the
ZrSi04-4Mg system. In the other cases, at least two silicides
of zirconium were found in the combustion product. Based on
XRD analysis data, an approximate reaction pathway for the
formation of silicides was proposed; in this pathway, ZrSi, which
was formed from the reduction of ZrSiO4, served as a “host”
material to build other silicides of zirconium. Adding NaCl to
the ZrSiO4-Mg mixture directs the combustion synthesis toward
a dissolution-precipitation route, resulting in the formation of
spherical and well-dispersed micro- and submicrometer-sized
particles of ZrSi.
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