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Introduction

ABSTRACT

Zirconium diboride (ZrB,) is a promising ultra-high-temperature ceramic
material. Magnesiothermic self-propagating high-temperature synthesis (SHS)
is an attractive method for its fabrication from relatively inexpensive oxides of
zirconium and boron. However, prior studies on magnesiothermic, combustion-
based methods for synthesis of ZrB, have revealed incomplete conversion. The
present work aims to determine optimal conditions for magnesiothermic SHS of
ZrB, from ZrO, and B,O;. The addition of MgO, NaCl, and excess Mg was
investigated experimentally. Mechanical activation (short-time high-energy ball
milling) was used to facilitate ignition of the powder mixtures. After combustion
in an argon environment, the products were leached by diluted HCI to remove
magnesium compounds and NaCl. The results show that NaCl is a better
additive than MgQ; it effectively improves milling and decreases the amount of
zirconia in the products. Further, NaCl decreases the particle size of the prod-
ucts, which is beneficial for sintering. The addition of excess Mg also has a
positive effect on the conversion because it compensates for the loss of Mg
through vaporization during the SHS process. In the products obtained by
combustion and leaching of the mixtures with 20% excess Mg and 10-30 wt%
NaCl, the oxygen content was below 4 wt%. Nanoscale polycrystalline ZrB,
particles were obtained using the mixture with 20% excess Mg and 30 wt%
NaCl

metallic bond leads to high electrical and thermal
conductivities [5]. ZrB, is resistant to oxidation, has
relatively low density (6.1 g/cm?), and exhibits a

Diboride of zirconium (ZrB,) belongs to the class of
ultra-high-temperature ceramics (UHTC). In its
hexagonal P6/mmm AlBy-type structure [1-3], B-B
and B-Zr covalent bonds cause chemical stability and
a high melting point (3246 °C) [4], while Zr-Zr
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good high-temperature strength. The unique prop-
erties of ZrB, make it a promising material for ultra-
high-temperature applications such as hypersonic
vehicles [6, 7] and electrodes in magnetohydrody-
namic (MHD) generators [8]. Unfortunately, the
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current methods for production of ZrB, are complex,
energy-consuming, and expensive. Therefore, it is
important to develop new, low-cost techniques for
large-scale fabrication of ZrB,-based materials.

Although zirconium diboride can be produced by
direct synthesis from elements, high costs of zirco-
nium and boron make this approach unsuitable for
large-scale applications [9]. Commonly studied
methods for synthesis of ZrB, are based on the
reduction of oxides, salts, or acids. Zirconia (ZrQO,) is
usually used as the source of zirconium [9]. Also,
zircon (ZrSiO,) has been proposed recently [10, 11].
As the boron source, boron oxide (B,O3) is commonly
used [9]. Other compounds such as boric acid
(H3BO3) [12, 13] and, more recently, borax (Na;B,O;)
[14] have also been utilized.

ZrB, has been synthesized via borothermic and
boron carbide-carbon reduction of ZrO, [15, 16].
Since both routes are endothermic processes, the
procedures involved heating in a high-temperature
furnace. In the case of borothermic reduction, the
mixture was also milled for 70 h preceding the high-
temperature synthesis step. Pure ZrB,, however, was
obtained only in the boron carbide—carbon reduction
route, and this required the addition of excess B,C
and C. A similar method is carbothermic reduction of
ZrO, and B,Oj3, which is also conducted in a furnace
with a preceding milling step [17].

The great amounts of energy consumed in the
endothermic reduction processes shift the interest to
combustion synthesis approaches, where the released
heat of exothermic chemical reactions provides
energy for a self-sustained process and only a small
amount of energy is needed for the initiation of this
process [18-21]. Among the various combustion
synthesis methods, self-propagating high-tempera-
ture synthesis (SHS) has been utilized for the fabri-
cation of numerous intermetallics and ceramics
[19, 20, 22-25]. In SHS, the compacted mixture of
initial powders is ignited at one end, and the com-
bustion wave propagates over the mixture, leading to
the formation of the desired product. Advantages of
SHS include fast processing times, simple equipment,
high purity of products, and tailored microstructure
[20, 21].

SHS of ZrB, from elemental Zr and B has been
conducted as long as decades ago [26] following the
reaction described by:

Zr + 2B — ZrBy; AH',, = —323K] (1)

rxXn
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(Standard enthalpies of all reactions in the present
paper have been calculated based on [27]). More
recently, the addition of NaCl to Zr and B has
enabled the fabrication of nanoscale ZrB, powder by
SHS [28]. However, as already mentioned, synthesis
from elements is not suitable for commercial pro-
duction; a more economical SHS route involves
metallothermic reduction of oxides, acids, or salts.
Many materials (e.g., BN, W, TiC, WC, B,C, Si, and
Mo) have been fabricated by SHS with metallother-
mic reduction of oxides or salts [29-34].

A metal can be used as a reducing agent if the
Gibbs energy of its oxide is lower than those of the
oxides that have to be reduced. Aluminum is one
such metal, but it is hard to separate alumina (Al,O3),
a product of aluminothermic reduction, from ZrB,.
As a result, ZrB,-Al,O; composites have been
obtained by aluminothermic combustion processes
[35-37], but Al cannot be used for synthesis of pure
ZI‘Bz.

In contrast with alumina, magnesia (MgO) can be
removed by leaching with a mild acid such as diluted
hydrochloric acid (HCI). This makes magnesiother-
mic reduction more attractive than the aluminother-
mic route when the goal is to obtain diborides and
not diboride-oxide composites. For this reason,
magnesiothermic reduction has been studied exten-
sively for synthesis of ZrB,.

As shown in the next section, a major problem in
the magnesiothermic reduction route for synthesis of
ZrB, is incomplete conversion of oxides to borides.
The objective of the present work was to investigate
the effects of adding MgO, NaCl, and excess Mg on
the magnesiothermic MASHS of ZrB, from ZrO, and
B,O5; with the goal of obtaining powder with low
oxygen content and small particle size, which is
desired for sintering [38]. In the SHS experiments,
mechanical activation preceded the combustion pro-
cess to facilitate the ignition. Leaching by diluted HCl
acid was used for removing both MgO and NaCl
from the products. The combustion process was
studied using video recording, thermocouple mea-
surements, while the products were examined with
X-ray diffraction analysis and scanning electron
microscopy.
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Background

Here, we provide a brief review of experiments on
ZrB, synthesis with magnesiothermic reduction,
which involved SHS and other combustion-based
methods such as thermal explosion (also called vol-
ume combustion synthesis, VCS) and mechanically
induced self-sustained reaction (MSR). In VCS, the
entire sample is heated uniformly in a furnace, which
leads to ignition [18]. This method is usually used
when the system is low-exothermic and requires
significant preheating. The combustion temperature
in VCS is higher than that of the same mixture during
SHS because of the external energy input from the
furnace. In MSR, ignition is caused by the collisions
of grinding balls during milling [39]. It is difficult to
scale up MSR because of the pressure increase inside
of the milling vial and safety concerns.

It should be noted that mixtures for magnesio-
thermic SHS of ZrB, have a low exothermicity as
compared with the stoichiometric Zr/B mixture,
which makes the ignition difficult. This problem can
be overcome in the so-called mechanically activated
self-propagating high-temperature synthesis
(MASHS), where mechanical activation, i.e., a short-
duration, high-energy ball milling precedes the
combustion process [40—42].

Setoudeh and Welham [43] obtained ZrB, by
mechanochemical reaction in ZrO,/B,O3;/Mg pow-
der mixture, placed in a ball mill, according to the
equation:

ZrO; 4+ B,O5 + 5Mg — ZrB, + 5MgO; AH?

xn

= —959k] 2)

After 15 h of mechanical alloying at 165 rpm in an
argon atmosphere, the mixture was heated to
1200 °C. XRD analysis was conducted after different
milling times, after heating, and after acid leaching.
This analysis has shown that with increasing the
milling time from 2 to 15 h, the amounts of ZrB, and
MgO gradually increased, but peaks of ZrO, still
remained even after 15 h of milling and subsequent
heating to 1200 °C.

Khanra et al. [12, 13] conducted magnesiothermic
combustion synthesis of ZrB,. Although the authors
identified the used method as SHS, in both studies,
the mixtures were globally heated inside a furnace
until ignition occurred, which classifies the used
method as VCS (or thermal explosion). Boric acid was
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used as the boron source, and the desired chemical
reaction is described by:

ZrO, + 2H3BO3 + 5Mg — ZrB, + 5MgO
+ 3H0(g): AHy,
= —-769 k]

ZrB, crystallite size, estimated using the Scherrer
formula, decreased from 25 nm at 0 wt% NaCl to
13 nm at 20 wt% NaCl [12]. In [13], the authors
focused on decreasing ZrO, impurities in the com-
bustion products. For this purpose, pre-calculated
amounts of Mg and H;BO; were added to the leached
products and a second VCS process was conducted
inside the furnace. XRD analysis has shown that the
second VCS step slightly increases the conversion of
oxides to borides. However, it adds complexity and
increases the processing time.

Mishra et al. investigated the magnesiothermic
SHS of ZrB,, using B,O; as the source of boron [17]
and following the stoichiometry (Eq. 2). Although
impurities were not reported by the authors, unla-
beled peaks in the presented XRD pattern apparently
belong to ZrO,. Nishiyama et al. [44] conducted
magnesiothermic VCS of ZrB,, using B,O; as the
precursor. Similarly to [12, 13], the obtained products
consisted of ZrB, with ZrO, impurities.

Magnesiothermic synthesis of ZrB, according to
Eq. (2) was also investigated by Akgiin et al. [14].
They tested two methods—VCS and mechanical
alloying. They have shown that VCS in air becomes
possible if mechanical activation precedes heating. In
both methods, they attempted to improve the con-
version by increasing the concentrations of Mg and
B,Os;. However, even at 30% excess Mg and B,O;
residual ZrO, was detected in XRD patterns of the
products.

Recently, the magnesiothermic MSR of ZrB, from
ZrO, and B,0O; (Eq. 2) was studied by Jalaly et al.
[45]. Ignition occurred after about 6 min of continu-
ous milling with steel balls at 600 rpm in a 5-bar Ar
atmosphere. After ignition, the mixture was
mechanically alloyed for 3 h at the same rotation
speed. XRD analysis was conducted before the MRS
process, after ignition, after the mechanical alloying
step, and after leaching in a 1 M HCI solution. After
ignition, the dominant phases were ZrB, and MgO,
but small peaks of Mg and ZrO, were also observed.
Mechanical alloying for 3 h removed the peaks of Mg
and ZrO,, but the subsequent leaching led to the
appearance of a small peak of ZrO,.
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The same authors also studied magnesiothermic
MSR of ZrB,/SiC/ZrC mixtures [10, 11], where the
desired reaction is described by:

ZrSi04 + B,O3 + C + 7Mg
— ZrB; + SiC + 7MgO; Afon = —1235kJ 4)

Ignition took place inside the bowl after 6-min
milling, leading to the fabrication of ZrB,, MgO, SiC,
and ZrC phases with a small amount of zircon
remained unreacted. Subsequent milling for 3 h
removed the peaks of zircon. It was shown that Mg
was the only reducing agent, while carbon acted only
as a carbide-forming agent.

Zhang et al. synthesized ZrB, via molten-salt
magnesiothermic reduction of ZrO, and borax [46] in
a furnace. The desired reaction is described by:

27rO; + NayB,O7 + 10Mg
— 27rB; + 10MgO + NayO; AH? = —1604 kJ

(5)

The mixtures that contained up to 30% excess Mg
and Na,B,O; were heated at 800-1200 °C for 3 hin an
argon environment. Impurities of ZrO, and Mg;B,O¢
were found in the experiments conducted at stoi-
chiometry. Full conversion was reported for mixtures
with 20% excess Mg and 30% excess NayB,O;, heated
to 1200 °C. The authors, however, did not discuss the
exothermicity of the involved reactions. To address
this issue, we have conducted thermodynamic cal-
culations of the adiabatic flame temperatures of those
mixtures using THERMO (version 4.3) software,
which is based on the Gibbs free energy minimization
and contains a database of approximately 3000 com-
pounds [47]. The calculations at an initial tempera-
ture of 25°C at 1atm pressure show that the
adiabatic flame temperature is 2049 K (1776 °C) for
the stoichiometry and 1937 K (1664 °C) for 20%
excess Mg and 30% excess Na;B4Oy. This indicates
that the actual temperature of the mixture during
synthesis in the furnace was much higher than
1200 °C, which makes interpretation of their results
difficult.

To clarify the reaction mechanisms during mag-
nesiothermic SHS of ZrB,, several authors have used
differential scanning calorimetry (DSC) and thermo-
gravimetric analysis (TGA). Khanra tested ZrO,/
H3BO3;/Mg mixture with DSC and TGA in an argon
flow [48]. It was reported that H3;BO; lost H,O at
169 °C, so at higher temperatures the boron source in
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their mixture was actually B,O3;. An exothermic peak
was observed at 794 °C on the DSC curve.

Zheng et al. conducted DSC and TGA of milled
ZrO,/B;03/Mg mixture in an argon flow [49]. The
DSC curve revealed a large exothermic peak at
745 °C, i.e., at a bit lower temperature than in [48].

Jalaly et al. [45] performed DSC of an unmilled
ZrO,/B,03/Mg mixture. In these tests, in addition to
an exothermic peak at 850 °C, there was an exother-
mic peak at 640 °C, just before the endothermic peak
of Mg melting. Based on the XRD analysis of samples
quenched at 600, 750, and 1000 °C, the authors con-
cluded that the first exothermic peak was caused by
the reaction of Mg with B,Os:

B,Os + 3Mg — 2B +3MgO; AHY, = —532k]  (6)

while the second exothermic peak was caused by the
reaction of Mg with ZrO,:

ZrO, + 2Mg — Zr + 2MgO; AHS, = —105k]  (7)

Apparently, the formed Zr immediately reacts with
already available B according to Eq. (1), so the two
steps form a single exothermic peak on the DSC
curve. XRD analysis of samples quenched at 1200 and
1400 °C has shown gradual improvement of the
oxide-to-boride conversion with increasing the tem-
perature, but the reduction was still incomplete at
1400 °C. Also, a slight amount of Mg;B,Os was
formed at 1200 and 1400 °C.

This brief review shows that synthesis of ZrB, with
a magnesiothermic reduction step is a promising
approach because it utilizes chemical energy that is
released by exothermic reactions and because MgO
can be easily removed from the products by mild acid
leaching. The mechanism of magnesiothermic SHS
includes exothermic reactions of Mg with the boron
source and, at higher temperatures, with zirconia.
The latter reaction generates Zr, which immediately
reacts with already formed B, generating a lot of heat.
Although the total released heat is less than in the
case of synthesis from elements (i.e., Zr and B),
mechanical activation facilitates ignition and enables
a self-sustained combustion. However, incomplete
conversion of oxides/acids to boride is a major
problem in the magnesiothermic reduction methods.

The present paper focuses on the improvement of
the oxide-to-boride conversion in magnesiothermic
SHS of ZrB,. Our thermodynamic calculations, con-
ducted using THERMO (version 4.3) software [47] at
1 atm, have shown that the adiabatic flame
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temperature of the stoichiometric (Eq. 2) ZrO,-B,Os—
Mg system is equal to 2369 K (2096 °C) and the
equilibrium combustion products contain unreacted
Mg vapor and oxides of zirconium and boron. An
increase in Mg concentration above the stoichiometry
decreases the temperature and the oxide concentra-
tions. At 77 mol% Mg (the stoichiometry is 71.4 mol%
Mg), the adiabatic flame temperature is 2130 K
(1857 °C), and the theoretical oxide-to-boride con-
version is 100% (see Figs. S1 and S2 in Supplementary
Information). Also, the decrease in the temperature
and the increase in the conversion can be achieved
with inert diluents.

In practice, however, there is a loss of magnesium
at significantly lower temperatures (the boiling point
of Mg is 1093 °C at 1 atm [27]) and this is commonly
considered as the primary cause for incomplete con-
version in magnesiothermic reduction. To decrease
the Mg loss, it would be beneficial to lower the
combustion temperature below the boiling point of
Mg, but this may make the mixture uncombustible. In
other words, it is hard to maintain a relatively low
combustion temperature and simultaneously ensure
a self-sustained combustion. Mechanical activation
could help with solving this problem.

The combustion temperature can be decreased by
adding an inert diluent [25]. According to the SHS
literature, the final product is commonly used for this
purpose [18, 19]. In the considered combustion pro-
cess, the final product is a mixture of ZrB, and MgO.
Obviously, it is sufficient to add only one of these two
compounds, for example, MgO.

Another potentially useful additive is sodium
chloride (NaCl). An additional advantage of this
additive is the fact that NaCl can also be used in the
mechanical activation step as it helps mill relatively
soft materials, such as Al and Mg, and can easily be
removed from the final product [50]. Furthermore,
NaCl decreases the product particle size [28], leading
to better properties.

The combustion temperature can also be decreased
by adding more Mg. Note that adding a small
amount of Mg alone may not help. For example, if
there is a loss of Mg from the stoichiometric mixture,
adding the same amount will increase the tempera-
ture. Therefore, the amount of excess Mg should be
significantly large to make the mixture Mg-rich. This
is not desired from the practical standpoint as Mg is
more expensive than MgO or NaCl. However, since
the addition of an inert diluent may not completely
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prevent the loss of Mg, it may be necessary to add
some amount of Mg in addition to the inert diluent.

Experimental

Zirconium (IV) oxide (ZrO,, — 325 mesh, 99.7% pure,
Alfa Aesar), boron trioxide (ByO3, 99.8% pure, Sigma-
Aldrich), magnesium (Mg, — 325 mesh, 99.8% pure,
Sigma-Aldrich), magnesium oxide (MgO, - 325
mesh, > 99% pure, Sigma-Aldrich), and sodium
chloride (NaCl, 99% pure, Sigma-Aldrich) powders
were mixed in a three-dimensional inversion kine-
matics tumbler mixer (Inversina 2L, Bioengineering).
The reactants were mixed at ZrO,/B,O;/Mg stoi-
chiometry (Eq. 2, 1:1:5 mol ratio) and with 20%
excess magnesium (1:1:6 mol ratio). In both cases, the
concentrations of inert diluents (MgO and NaCl)
were varied over wide ranges. The mixtures were
mechanically activated in a planetary ball mill
(Fritsch Pulverisette 7 Premium Line) using zirconia-
coated grinding bowls and zirconia grinding balls
(diameter 3 mm). The total mass of powders to mill
was 15 g and the balls-mixture mass ratio was 20:3.
To avoid oxidation of Mg, the mixing and milling
processes were conducted in an ultra-high-purity
argon environment. The milling speed was 1000 rpm,
and four total milling times were used: 1, 5, 10, and
30 min. To minimize temperature increase and pre-
vent reactions during milling, the process was sepa-
rated into cycles with 1-min milling periods and
60-min cooling pauses.

The mechanically activated mixtures were com-
pacted into 4-g cylindrical pellets (diameter 13 mm)
in a pressing die using a uniaxial hydraulic press. The
pellets had different heights, 13-23 mm, because of
different densities of the tested mixtures. Pressing
was conducted at 150 MPa with a holding time of
5 min. Booster pellets (diameter 13 mm, mass 1 g) of
Ti/B mixture (1:2 mol ratio) were compacted at the
same pressing parameters. The booster pellets were
used to ensure close ignition parameters in all
experiments. Heating directly by a hot wire may lead
to an undesired variation of the ignition energy, but
identical booster pellets provide identical amounts of
heat. Estimates show that the heat transferred from
the hot wire in the conducted experiments is much
less than the heat released by the booster pellet (the
formation enthalpy of TiB, is 4.02 kJ/g [27]).
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The combustion process was performed inside a
windowed steel chamber (diameter 30 cm, height 40
cm), connected to a compressed argon (ultra-high
purity) cylinder and a vacuum pump. All experi-
ments were conducted in an argon environment at
1 atm. To minimize residual air in the environment,
the reaction chamber was evacuated and filled with
argon three times. The pellet, installed vertically on a
piece of 3-mm-thick thermal paper (Fiberfrax), was
ignited at the top by a tungsten wire heated with a
DC power supply (Mastech HY3050EX).

Digital video recording (Sony XCD-SX90CR) was
used for observation. In several experiments, the
temperature in the middle of the pellet was measured
with a thermocouple. Also, in several other experi-
ments, two thermocouples with hot junctions posi-
tioned 10 mm apart at the pellet axis were installed,
which allowed for the combustion front velocity to be
determined from the thermocouple measurements.
The measurements were conducted with WRe5%/
WRe26% thermocouples (type C, wire diameter
76 um, Omega Engineering). Each thermocouple was
located in a two-channel ceramic insulator (outer
diameter 0.8 mm, Omegatite 450, Omega Engineer-
ing). To install the thermocouples, 6.5-mm-deep
channels were drilled perpendicularly to the pellet
axis.

After the SHS process, the obtained product pellet
was separated from the titanium diboride product of
the booster pellet combustion and ground into a
powder using a mortar and pestle. MgO and NaCl in
the products were leached in 200 mL of 1M HCl
solution. The amount of acid was by at least 60%
larger than what is needed for fully removing MgO
according to the reaction stoichiometry. The disso-
lution process was carried out in an Erlenmeyer flask
with a mechanical stirrer at atmospheric pressure and
room temperature for 2 h. The remaining solid
products were separated from the acid using a paper
filter. Then, the solid products were washed in
deionized water and dried at room temperature for
24 h.

Particle size distributions of the as-received pow-
ders and milled mixtures were determined with a
laser diffraction particle size analyzer (Microtrac
Bluewave). To avoid oxidation or dissolution of the
powders, isopropyl alcohol was used as the sample
carrier.

Compositions of the milled mixtures and combus-
tion products before and after leaching were studied
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using powder X-ray diffraction analysis (Bruker D8
Discover XRD, Cu K-alpha 1, 0.154 nm). The scan
was conducted in a 20 range of 20°-60° with a scan
speed of 5 °/min and a step size of 0.02°. The prod-
ucts obtained from the mixtures with 0 and 20%
excess Mg and different NaCl contents were also
subjected to quantitative XRD analysis using the
Rietveld and Scherrer methods with Bruker TOPAS
4.2 software based on the data obtained with a
Rigaku MiniFlex II diffractometer over the same scan
range with a scan speed of 1 °C/min and a step size
of 0.01°.

The morphology of the leached powders was
studied using a scanning electron microscope (SEM,
Hitachi S-480) with a secondary electrons detector.
The samples were compacted into pellets (diameter
6.5 mm) and mounted in carbon conductive tabs
(diameter 12 mm). The accelerating voltage was
varied from 10 to 25 kV.

Results and discussion
Mechanical activation

The particle size distributions of the powders were
measured before and after milling. The initial ZrO,
powder had a bimodal distribution with a mean
volume diameter of 15.3 pm, while B,O3;, Mg, MgO,
and NaCl had unimodal particle size distributions
with the mean volume diameters being equal to 144,
15.9, 4.5, and 432.3 pm, respectively. After 1-min
milling, unimodal particle size distributions were
observed in all mixtures. An increase in the milling
time decreased the particle size. For example,
increasing the milling time from 1 to 10 min
decreased the mean volume diameter from 42 to
21 pm in ZrO,/B,03/Mg/MgO mixtures (40 wt%
MgO) and from 31 to 23 pm in ZrO,/B,03/Mg/NaCl
mixtures (40 wt% NaCl). Figures S3-511 in Supple-
mentary Information show the particle size distribu-
tions of the as-received powders and of the
aforementioned milled mixtures.

In MASHS, in contrast with mechanical alloying or
MSR, milling is conducted for a short period of time,
with no significant reaction inside the grinding bowl.
Figure 1 shows the XRD patterns of the stoichiomet-
ric ZrO,/B,03/Mg (1:1:5 mol ratio, Eq. 2) mixture
before and after 1-min milling. The XRD pattern of
the milled mixture does not show any traces of MgO
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Figure 1 XRD patterns of stoichiometric ZrO,/B,05/Mg mixture
a before and b after 1-min milling.

or ZrB,, i.e., no apparent reaction took place during
milling. The detected changes in the intensities of
magnesium crystal planes (202) and (101), located at
20 = 34.4° and 20 = 36.6°, respectively, were possibly
caused by changes in the preferential crystal orien-
tation of Mg after milling. Longer milling times were
used only for mixtures with diluents. The XRD pat-
terns of the milled powders have not revealed any
reactions (see Fig. S12 in Supplementary
Information).

During milling with no diluent, or with added
NaCl or MgO, a portion of the material stuck to the
grinding balls and the interior surface of the bowl
and thus could not easily be recovered and used for
the experiments. Figure 2 shows the percentage of
mixture stuck during milling versus diluent concen-
tration. It is seen that with no diluent, 24% of the
mixture was stuck. At 2540 wt% MgO, the stuck
mass was still significant, 14-21%. In contrast, by

-~ 50

s _ ---a---NaCl, 1 min

& 40 ---=--NaCl, 10 min
B i ---e--- NaCl, 30 min
E 30 MgO, 1 min

° 4

§ 20 —‘\,\

3 “‘\
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Figure 2 Percentage of mixture that is stuck to the grinding
media for different diluents and milling times versus the diluent
concentration in the initial mixture.
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adding only 10 wt% NaCl the amount of stuck mix-
ture dropped to about 5%. Additionally, for longer
total milling times, the amount of stuck mixture
stagnates around 5% when the NaCl content is in the
range from 40 to 55 wt%.

SHS process for stoichiometric ZrO,/B,03/
Mg mixture

The stoichiometric ZrO,/B,0;/Mg mixture was not
ignitable without a preceding milling step, but mil-
ling for 1 min enabled the ignition and a self-sus-
tained combustion. Video 1 in Supplementary
Information shows the combustion process of the
milled stoichiometric ZrO,/B,0;/Mg mixture. The
observed vigorous combustion was accompanied by
the formation of a layered structure of the product.
Analysis of this product revealed that it was fragile
and porous.

Figure 3 shows the thermocouple record at the
center of the pellet for the same combustion process.
Since the voltage-temperature characteristic of a
C-type thermocouple is strongly nonlinear [51], the
plot shows the voltage, while dashed gridlines indi-
cate temperatures for reference. The time variation of
temperature exhibits a sharp temperature rise fol-
lowed by a gradual decrease due to cooling. The
maximum recorded temperature is 1725 °C, which is
by 372 °C lower than the adiabatic flame temperature
(2097 °C) for this mixture. This temperature differ-
ence could be attributed to heat losses and incom-
plete combustion.

Figure 4 shows the XRD pattern of the stoichio-
metric ZrO,/B,05;/Mg mixture after combustion. It is
seen that the dominant phases are ZrB, and MgO,
with ¢-ZrO, and Mgz(BO3), impurities. Note that

40 -
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g 20 11000°C |
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Figure 3 Thermocouple signal for stoichiometric ZrO,/B,03/Mg
mixture. Time zero was selected arbitrarily.
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Figure 4 XRD pattern of the stoichiometric ZrO,/B,0;/Mg
mixture after combustion.

before combustion, ZrO, in the mixture was in its
stable room-temperature phase (monoclinic zirconia,
m-ZrO,), but after combustion, the metastable high-
temperature phase (cubic zirconia, c-ZrO,) appeared.
The presence of the metastable phase is explained by
the fact that it forms a solid solution with MgO at
temperatures higher than about 1400 °C [52]. Mag-
nesia-stabilized zirconia normally contains around
10 mol% MgO, but that value can vary. Although
there is unreacted ZrO,, the XRD pattern of the
combustion products does not show unreacted Mg,
which indicates the loss of Mg as a result of higher
combustion temperature than the boiling point of
Mg.

Figure 5 shows the XRD pattern of the products
after leaching. It is seen that MgO almost disap-
peared, but the peaks of Mgs;(BOs), phase remained
virtually the same.

° oMg,(BO;),
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= ° *ZrB,
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Figure 5 XRD pattern of the stoichiometric ZrO,/B,03;/Mg
mixture after combustion and leaching.
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Effect of MgO additive on magnesiothermic
SHS of ZrB,

Combustion experiments were conducted with
ZrO,/B,03/Mg/MgO mixtures where the reactants
were mixed according to the stoichiometry (Eq. 2)
and MgO concentration was varied from 20 to
40 wt%. Mechanical activation was conducted at two
total milling times: 1 and 10 min. In general, it was
easier to ignite the 10-min milled ZrO,/B,03;/Mg/
MgO mixtures than the 1-min milled ones. Figure 6
shows the combustion images for the mixture with
30% MgO, milled for 1 min, and for the mixture with
40% MgO, milled for 10 min (see also Video 2 and
Video 3, respectively, in Supplementary Informa-
tion). No oscillations in the combustion front propa-
gation were observed. However, 30 wt% MgO was
the maximum concentration of this diluent that
allowed a self-sustained reaction for mixtures that
were milled for 1 min, whereas mixtures that were
milled for 10 min were easily ignited even at 40 wt%
MgO and they emitted more light during combus-
tion. Similarly to the observations for combustion of
stoichiometric mixtures without any inert diluent, the
combustion products were fragile and porous.
Figure 7 shows the XRD pattern of ZrO,/B,0O3/
Mg/MgO mixture (40 wt% MgO) after combustion. It
is seen that ZrB, and MgO are the dominant phases,
but ZrO, and Mg3(BO;), are also present in the
products. Note that because of the lower combustion

Figure 6 Combustion of ZrO,/B,03/Mg/MgO mixtures at (top)
30 wt% MgO and 1-min milling and (bottom) 40 wt% MgO and
10-min milling. Time zero was selected 4 s before the end of the
combustion process.
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Figure 7 XRD pattern of ZrO,/B,03;/Mg/MgO mixture (40 wt%
MgO) after combustion.

temperatures in the mixtures with MgO, ZrO, was
observed in two phases, monoclinic and cubic.

To explore the effect of MgO additive on the con-
version of ZrO, to ZrB,, the XRD patterns of the
combustion products (before leaching) were ana-
lyzed. The highest peaks for m-ZrO, (plane (1 11),
20 = 28.2°), ¢-ZrO; (plane (111), 20 = 30.5°), and ZrB,
(plane (101), 20 = 41.6°) phases were considered in
the analysis. The intensity ratios of m-ZrO, and
c-ZrO, peaks to ZrB, peak were determined and
served for characterization of the oxide-to-boride
conversion degree (a zero ratio corresponds to full
conversion).

Figure 8 shows the peak intensity ratios of the two
ZrO, phases in the combustion products versus MgO
concentration in the initial mixture. It is seen that at
0 wt% MgO, monoclinic zirconia is absent, but the
ratio for cubic zirconia is about 0.2. Note that 0 wt%
MgO corresponds to the XRD pattern shown in
Fig. 4. With increasing MgO content, the peak

0.5
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& 1 c-ZrO,
2 0.3
2
() 1 ,A
€ 02 )
o 0.1 - P
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Figure 8 Intensity ratios of m-ZrO, and c¢-ZrO, peaks to ZrB,
peak in the combustion products versus MgO concentration in the
initial mixture.

@ Springer

J Mater Sci (2018) 53:13600-13616

intensity ratio for m-ZrO, increases exponentially.
The ratio for cubic ZrO, significantly increases with
increasing MgO concentration from 0 to 20 wt%, but
changes only slightly with further increase. In gen-
eral, these results clearly indicate that MgO has an
adverse effect on the conversion of oxides to borides.
For this reason, leaching of the products obtained
from these mixtures was not conducted.

Effect of NaCl additive on magnesiothermic
SHS of ZrB,

Combustion experiments were conducted with
ZrO,/B,03/Mg/NaCl mixtures where the reactants
were mixed according to the stoichiometry (Eq. 2)
and NaCl concentration was varied from 5 to 55 wt%.
After milling for 1 min, the mixtures with up to
35 wt% NaCl became ignitable, but the mixtures with
35-50 wt% NaCl required 10 min of milling for
combustion to occur. To ignite mixtures with 55 wt%
NaCl, the required milling time was 30 min.

Figure 9 shows the combustion process for ZrO,/
B,O3;/Mg/NaCl mixtures at 40 and 47 wt% NaCl,
milled for 10 min (see also Videos 4 and 5 in Sup-
plementary Information). It is seen that at a higher
NaCl content, the combustion front propagates
slower and emits less light. In contrast with the
results for mixtures with no inert diluent and for
those with MgO, the products were dense and hard.
This can be explained by melting of NaCl (melting

0 1s 2s 3s 45

Figure 9 Combustion of ZrO,/B,03/Mg/NaCl mixtures at (top)
40 and (bottom) 47 wt% NaCl, milled for 10 min. Time zero was
selected arbitrarily.
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point: 801 °C [27]) during combustion and its subse-
quent solidification during cooling.

The observed deceleration of the front propagation
with increasing NaCl concentration is explained by
the decrease in the heat release and hence in the
combustion temperature. Figure 10 shows the signals
of two C-type thermocouples, located 10 mm apart
on the pellet axis, during combustion of ZrO,/B,03/
Mg/NaCl mixture (47 wt% NaCl). It is seen that the
maximum temperature for each thermocouple is
about 1200 °C, i.e.,, by over 500 °C lower than the
maximum temperature measured during combustion
of the stoichiometric mixture with no diluent. For all
mixtures, the combustion front velocities were
determined using video records, and the obtained
values range from 3.2 mm/s for the stoichiometric
mixture with no diluent to 0.6 mm/s for the mixture
with 55 wt% NaCl. For mixtures with NaCl concen-
trations of 40-50 wt%, milled for 10 min, the com-
bustion front velocity was also determined from the
time lag between the temperature rises of the two
thermocouple signals and the results are shown in
Fig. S13 in Supplementary Information.

Figures 11 and 12 show the XRD patterns of the
products of ZrO,/B,03;/Mg/NaCl mixture (40 wt%
NaCl), milled for 10 min, after combustion and
leaching, respectively. It is seen that ZrB,, MgO, and
NaCl are the most prominent phases in the combus-
tion products and Mg3;(BO3),, m-ZrO,, and c-ZrO,
impurities are also present. Leaching fully removed
both MgO and NaCl, but traces of Mg3(BO3), phase
remained, along with noticeable amounts of m-ZrO,
and c-ZrO,.
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Figure 10 Signals of two thermocouples, located 10 mm apart on
the pellet axis, during combustion of ZrO,/B,03/Mg/NaCl
mixture (47 wt% NaCl).
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Figure 11 XRD pattern of ZrO,/B,03;/Mg/NaCl mixture

(40 wt% NaCl) after combustion.
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Figure 12 XRD pattern of ZrO,/B,03/Mg/NaCl mixture

(40 wt% NaCl) after combustion and leaching.

The XRD peak ratio analysis was conducted for
ZrO,/B,03/Mg/NaCl mixtures after combustion
and after leaching. Figure 13 shows the peak inten-
sity ratios for both ZrO, phases with respect to ZrB,
in the combustion products (before leaching) as well
as the maximum measured temperatures versus
NaCl concentration in the initial mixture. It is seen

1% 1800
kel ] I —~
§ 087 e 1900 g
.y 7 ' 1200 5
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Figure 13 Intensity ratios of m-ZrO, and c-ZrO, peaks to ZrB,
peak and maximum temperature versus NaCl concentration in the
initial mixture (ZrO,:B,05:Mg = 1:1:5), after combustion.
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that at low concentrations of NaCl, the peak intensity
ratio of the cubic ZrO, phase is significantly higher
than that of monoclinic ZrO,, whereas the situation is
inverse at higher concentrations of NaCl.

Since the increase in NaCl content decreases the
combustion temperature, it makes sense to discuss
these observations based on thermodynamics. The
ZrO,-MgO phase diagram [52] shows that with no
MgO the monoclinic ZrO, is stable at temperatures
below about 1000 °C, the tetragonal phase is
stable between about 1000 and about 2400 °C, and the
cubic phase is stable at higher temperatures. The
addition of MgO significantly decreases the low
temperature limit for the existence of cubic ZrO.,.
MgO also has a stabilizing effect [53], which explains
why the cubic phase is not converted to the mono-
clinic phase in the course of relatively rapid cooling,
typical for SHS.

Figure 14 shows the peak ratios of both ZrO,
phases versus NaCl concentration for the leached
products. Comparison with the data for the com-
bustion products presented in Fig. 14 shows that
c-ZrO, phase intensity remained about the same after
leaching, but the values for m-ZrO, phase signifi-
cantly increased. This indicates that apparently ZrB,
was oxidized during leaching, which correlates with
prior observations [54]. The oxidation mechanism
during the leaching procedure is unclear. It may
involve the formation of metallic Zr (the reaction of
ZrB, with 6 M HCl solution produced B¢Hg gas [55]).
The formed Zr may be oxidized either by water in the
acid solution or by atmospheric oxygen during dry-
ing. The latter process was, for example, observed for
Al powder after leaching NaCl by water [56].

Peak Intensity Ratio

0 10 20 30 40 50
Concentration of NaCl (wt%)

Figure 14 Intensity ratios of m-ZrO, and c-ZrO, peaks toZrB,
peak versus NaCl concentration in the initial mixture (ZrO,:B,.
0;:Mg = 1:1:5), after leaching.
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Figure 15 shows the results of the Rietveld XRD
analysis for these mixtures. Specifically, it shows the
mass concentrations of cubic and monoclinic phases
of ZrO, in the leached products as well as the oxygen
content, calculated based on these data. It is seen that
the Rietveld analysis of ZrO, phases has confirmed
the conclusions from the analysis based on the peak
ratios. It has also provided data for calculating the
conversion degree and the oxygen concentration in
the products. For example, in the products obtained
from the mixture with 30 wt% NaCl, the conversion
degree is 80% and the concentration of oxygen is
about 12 wt%.

The Scherrer analysis has shown that with
increasing NaCl concentration from 0 to 50 wt%, the
crystallite size decreases from 223 nm to 18 nm.
Scanning electron microscopy has confirmed the
significant effect of NaCl on the product size. Fig-
ure 16 shows the SEM images of the leached com-
bustion products of stoichiometric ZrO,/B,0O3;/Mg
mixture with (a) no NaCl and (b) 30 wt% NaCl. It is
seen that the particles in the leached products of the
mixture with 30 wt% NaCl are much smaller than
those in the leached products of the mixture with no
inert diluent. As noted in the Introduction, the effect
of NaCl on particle size was previously reported
[28, 57-59] and a smaller particle size usually leads to
a lower sintering temperature, which is highly
desired.
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Figure 15 Concentrations of ZrO, phases and oxygen content in
the products obtained after combustion and leaching stoichiomet-
ric ZrO,/B,03/Mg mixtures with different concentrations of NaCl.
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Figure 16 SEM images of the leached combustion products of stoichiometric ZrO,/B,0;/Mg mixture a with no NaCl and b with 30 wt%

NaCl.

Effect of excess Mg on magnesiothermic
SHS of ZrB,

Since the addition of NaCl to the stoichiometric
ZrO,/B,03/Mg mixture did not fully eliminate ZrO,
in the combustion products, it was suggested that
extra Mg could compensate for the lost Mg and
reduce the remaining oxides. Combustion experi-
ments were conducted with ZrO,/B,03;/Mg/NaCl
mixtures where the amounts of excess Mg and NaCl
were varied.

First, experiments were conducted where the con-
centration of NaCl was fixed at 10 wt% NaCl and the
amount of excess Mg was varied. To obtain a
stable combustion, it was sufficient to mill the mix-
ture for 1 min. Figure 17 present the peak intensity
ratios of the ZrO, phases in the combustion products
of these mixtures (no leaching). It is seen that the total

Peak Intensity Ratio

Excess Mg (%)

Figure 17 Intensity ratios of m-ZrO, and c¢-ZrO, peaks to ZrB,
peak versus amount of excess Mg in the initial mixture with
10 wt% NaCl, after combustion.

amount of ZrO, significantly decreases with
increasing the amount of excess Mg to 20%.

Based on these results, it was decided to select 20%
excess Mg for further experiments and investigate the
effect of NaCl on the product composition. To ignite
the mixtures, 5-min milling was required. Vigorous
combustion was observed (see Video 6 in Supple-
mentary Information), similar to that for the stoi-
chiometric mixture with no inert diluents.

Figures 18 and 19 show the XRD patterns of the
products for the mixture with 20% excess Mg and
30 wt% NaCl, after combustion and after leaching,
respectively. It is seen that MgO and Mg3(BO3), were
fully removed by leaching though traces of mono-
clinic and cubic phases of ZrO, are present in the
products.

Figure 20 presents the peak intensity ratios of the
ZrO, phases in the combustion products (before
leaching) and maximum temperatures versus NaCl
concentration for the mixtures with 20% excess Mg.
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Figure 18 XRD pattern of ZrO,/B,03;/Mg/NaCl mixture with
20% excess Mg and 30 wt% NaCl after combustion.
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Figure 19 XRD pattern of ZrO,/B,0;/Mg/NaCl mixture with
20% excess Mg and 30 wt% NaCl after leaching.
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Figure 20 Intensity ratios of m-ZrO, and c-ZrO, peaks to ZrB,
peak and maximum temperature versus NaCl concentration in the
initial mixture (20% excess Mg) after combustion.

Comparison with Fig. 13 shows that the maximum
temperatures during combustion of mixtures with
20% excess Mg were approximately the same as for
the stoichiometric mixtures. The relationships
between the peak intensity ratios for cubic and
monoclinic phases of ZrO, also remained similar to
those for the stoichiometric mixture, but, in general,
the peak ratios of ZrO, phases were lower in the
experiments with 20% excess Mg. The lowest sum of
the two peak ratios was observed at 30 wt% NaCl
Figure 21 shows the results for the products
obtained by combustion of mixtures with 20% excess
Mg, after leaching. Comparison with the data in
Fig. 20 shows that, like in the experiments with sto-
ichiometric mixtures, the content of m-ZrO phase
increases after leaching, which indicates oxidation of
ZrB,. Leaching, however, does not affect the amount
of c-ZrO,. In general, the conversion was much better
than for the stoichiometric mixtures (see Fig. 14).
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Figure 21 Intensity ratios of m-ZrO, and c-ZrO, peaks to ZrB,
peak versus NaCl concentration in the initial mixture with 20%
excess Mg, after leaching.
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Figure 22 Concentrations of ZrO, phases and oxygen content in
the products obtained after combustion and leaching of mixtures
with 20% excess Mg and different concentrations of NaCl.

Figure 22 shows the results of the Rietveld analysis
for the products obtained by combustion of mixtures
with 20% excess Mg, after leaching. Like in the case of
the stoichiometric mixtures with NaCl diluent, the
results for ZrO, phases correlates with the analysis
based on the peak intensity ratios. The oxygen con-
tent is 3.34 wt% at 10 wt% NaCl and 3.75 wt% at
20-30 wt% NaCl; the conversion degree is 88 and
86%, respectively. ZrB, powders with similar
amounts of oxygen were densified using pressureless
sintering with boron carbide and/or carbon as sin-
tering aids [38].

Based on the results presented in this section, it
was concluded that the mixture with 20% excess Mg
and 30 wt% NaCl is promising. According to the
Scherrer analysis, the crystallite size of the products
obtained by combustion of this mixture after leaching
is 40 nm. This value is comparable with prior results
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on magnesiothermic synthesis of ZrB2 (75 nm [43],
25 nm [12]).

Figure 23 shows an SEM image of the leached
combustion products of ZrO,/B,03;/Mg/NaCl mix-
ture with 20% excess Mg and 30 wt% NaCl. It is seen
that the obtained ZrB, powder consists of nanoscale
polycrystalline particles. Note that polycrystalline
particles sinter more rapidly than single-crystal par-
ticles [60]. It should also be noted that the decrease in
the particle size due to the addition of NaCl may also
have a negative consequence, viz., the faster oxida-
tion of smaller ZrB, particles during leaching and
drying.

Conclusions

The addition of MgO to the stoichiometric ZrO,/
B,O3/Mg mixture cannot decrease sticking of mix-
ture to the bowl and grinding media during high-
energy ball milling. The MgO addition also increases
the amount of ZrO, (both monoclinic and cubic
phases) in the combustion products.

In contrast, the addition of NaCl dramatically
decreases the amount of mixture stuck during
mechanical activation. Milling the stoichiometric
ZrO,/B,03/Mg mixture with NaCl for 1 min at a
rotation speed of 1000 rpm enables a self-sustained
combustion though pulsations of the front propaga-
tion are observed. Increasing the milling time to
10 min ensures a steady propagation. The combus-
tion products include ZrB, and MgO as dominant
phases, but ZrO, and Mg3(BO3), are also present. The

Figure 23 SEM image of the leached combustion products of
Z10,/B,05/Mg/NaCl mixture with 20% excess Mg and 30 wt%
NaCl.
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increase in NaCl concentration from 5 to 50%
increases the amount of monoclinic zirconia, but
decreases the amount of cubic zirconia in the prod-
ucts, which correlates with the decrease in the com-
bustion temperature and with the ZrO,-MgO phase
diagram.

MASHS of mixtures with excess Mg and NaCl
diluent produces promising materials. The addition
of 20% excess Mg decreases the amount of ZrO, in
the combustion products, while the addition of NaCl
decreases the particle size of the products, which is
beneficial for sintering. Leaching the combustion
products of the mixture with 20% excess Mg and
30 wt% NaCl in 1 M HCI solution fully removes
MgO and Mg;(BO;), though the monoclinic and
cubic phases of ZrO; are still present in the products.
In the products obtained by combustion and leaching
of the mixtures with 20% excess Mg and 10-30 wt%
NaCl, the oxygen content is below 4 wt%.

Summarizing, the addition of 20% excess Mg and
30 wt% NaCl to the stoichiometric ZrO,/B,O3;/Mg
mixture ensures effective mechanical activation, a
steady self-sustained combustion, and a relatively
small amount of zirconia in the combustion products.
The obtained ZrB, powder consists of nanoscale
polycrystalline particles.
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