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ABSTRACT

This study uses a magnesiothermic reduction method to investigate the co-synthesis 
of zirconium boride, silicides, and oxide powder composites using ZrO2, B2O3, Si, 
and Mg powders. Synthesis of high-temperature ceramic powders was examined 
through milling durations, reduction temperatures, and excess magnesium addition. 
Thermochemical analysis of probable reaction products was conducted by the Factsage 
software. According to the results, the thermochemical predictions and resultant powder 
phases showed good coherency. High-energy milling has a significant effect on the 
formation of the zirconium boride phase after annealing. However, extended milling 
time and higher annealing temperature had no significant effect on composition of the 
constituted composite powders according to the X-ray diffraction results. An annealing 
temperature of 600ºC was enough to obtain ZrB2-based ceramic composite powders. 
In the final powder phases, the excess magnesium addition to the stoichiometric 
displays an important feature. After the milling, annealing, and leaching procedure, the 
stoichiometric powder composition comprises ZrB2, ZrSi, ZrSi2, ZrO2, and MgSiO2, and 
excess Mg added powders have the ZrB2, ZrSi, ZrSi2, ZrO2 phases in their structure. 
Scanning electron microscopy analysis was utilized to observe the morphologies of 
the powders throughout each step of the synthesis procedure and revealed the finely 
structured morphology of synthesized powders.

1. Introduction

Ultra high-temperature ceramics (UHTCs) are well 
known for their extreme resistance in high-temperature 
environments and their melting temperatures above 
3000°C [1, 2]. Different borides, nitrides, carbides, and 
silicides of IV and V group elements in the periodic 
table have gained recognition of UHTC. Their com-
mon advanced properties are high thermal conductiv-
ity, high hardness, low coefficient of thermal expan-
sion, good thermal shock resistance, good oxidation 
resistance, and stability in extreme environments [3]. 
One of them, zirconium borides, has been seen as a 
promising compound for different applications as cut-
ting tools, wear-resistant coatings, hypersonic flights, 
and rocket propulsion systems. Therefore, research-
ers have published many works about synthesizing or 
applying zirconium boride-based materials because of 
their supreme properties [4].

Zirconium-boron binary phase diagram presents three 
different crystal structures of zirconium boride as ZrB 
(stable up to 927°C), ZrB12 (stable between 1720-
2030°C), and ZrB2 (stable up to 3227°C) [5]. The syn-
thesis of zirconium boride is possible in many methods 
using high-temperature reactions, including elemental 
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Zr and B powder. The zirconium borides are common-
ly obtained through high-temperature methods such 
as the direct reaction of elemental powders (Eq.1), 
borothermal (Eq.2), and carbothermal (Eq.3 and Eq.4) 
reduction of ZrO2 [4, 6]. However, the synthesis pro-
cess of ZrB2 from elemental powders cannot be com-
mercially produced because of the expensive charge 
materials.

*Corresponding author: didemovali@osmaniye.edu.tr

The production process of zirconium borides involves a 
high-temperature step over 1200°C due to their strong 
covalent bonding and low self-diffusion coefficient val-
ues. In order to enhance the structural integrity of zir-
conium borides, reinforcement materials were used as 
high-temperature borides, silicides, carbides, and ox-
ides [7]. Especially, the initial powder conditions such 
as size, shape, and homogeneity play a critical role in 
the consolidation process and final properties of prod-
ucts [8]. On the other hand, aiming to obtain zirconium 

    𝑍𝑍𝑍𝑍 + 2𝐵𝐵 = 𝑍𝑍𝑍𝑍𝐵𝐵2  (1) 
         𝑍𝑍𝑍𝑍𝑂𝑂2 + 4𝐵𝐵 = 𝑍𝑍𝑍𝑍𝐵𝐵2 + 𝐵𝐵2𝑂𝑂2  (2) 
  𝑍𝑍𝑍𝑍𝑂𝑂2 + 𝐵𝐵2𝑂𝑂3 + 5𝐶𝐶 = 𝑍𝑍𝑍𝑍𝐵𝐵2 + 5𝐶𝐶𝑂𝑂 (3) 
2𝑍𝑍𝑍𝑍𝑂𝑂2 + 𝐵𝐵4𝐶𝐶 + 3𝐶𝐶 = 2𝑍𝑍𝑍𝑍𝐵𝐵2 + 4𝐶𝐶𝑂𝑂 (4) 
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boride composite powders could lead to a simplified 
synthesis process or a lowered annealing temperature 
for the reduction process of ZrO2. Therefore, many re-
searchers conducted various works on the in situ syn-
thesis of composites of zirconium boride together with 
other zirconium-based ceramic phases [1, 3, 9]. So far, 
ZrB2-ZrO2 (Zirconium diboride-zirconium dioxide) [10-
12], ZrB2-ZrSi2 (Zirconium diboride-zirconium disilicite) 
[13-21], and ZrB2-ZrC (Zirconium diboride-zirconium 
carbide) [22, 23] binary systems were obtained using 
different starting compositions. Some of them resulted 
in ternary compositions such as ZrSi2-MoSi2-ZrB2 [24], 
ZrB2-ZrC-SiC [25, 26], ZrB2-ZrSi2-SiC [27]. Having as-
sessed the binary (e.g. boride-carbide) and ternary 
ceramic systems (e.g. boride-silicide-oxide), ternary 
systems could result in altered physical and mechani-
cal properties due to their diverse microstructures [28]. 
And this may lead to the development of alternative 
materials for various applications. Among published 
papers about ternary ceramic systems, ZrB2-ZrSi2-
ZrO2 systems have not been attempted before, to our 
knowledge.

In this study, the synthesis of UHTC composite pow-
ders comprising zirconium boride/silicide/oxide was 
investigated through a magnesiothermic reduction 
process using ZrO2, B2O3 (Boron trioxide), Si, and Mg 
initials. Thermochemical software also examined the 
thermodynamic calculations for existence and prob-
able by-products using initial batches. The synthesis 
procedures using ZrO2, B2O3, Si, and Mg system were 
investigated in terms of different milling durations, ex-
cess Mg initial addition, and annealing temperatures. 
The outcomes of this study can contribute well to the 
existing literature for obtaining zirconium boride/sili-
cide/oxide composite powders.

2. Materials and Methods

The initial materials were ZrO2 (Alfa Aesar™, >99% 
purity), Si (ABCR™, >99% purity), Mg (Mg, Sigma 
Aldrich™, >99% purity), and B2O3 (Sigma Aldrich™, 
>99.9% purity) powders in this study. Each powder 
batch was calculated in Eq.5 and mixed in a Turbula 
blender for 2h.

2𝑍𝑍𝑍𝑍𝑂𝑂2(𝑠𝑠) + 𝐵𝐵2𝑂𝑂3(𝑠𝑠) + 2 𝑆𝑆𝑆𝑆(𝑠𝑠) + 7 𝑀𝑀𝑀𝑀(𝑠𝑠) 
                                 = 𝑍𝑍𝑍𝑍𝐵𝐵2(𝑠𝑠) +  𝑍𝑍𝑍𝑍𝑆𝑆𝑆𝑆2(𝑠𝑠) + 7 𝑀𝑀𝑀𝑀𝑂𝑂(𝑠𝑠) (5) 

 
Following Turbula blender, initial powder batches were 
subjected to high-energy ball milling (SPEX™ 8000D) 
for 3h, 6h, and 15h of milling durations. The initial pow-
ders were solely mixed using a blender mentioned as 
0h. Hardened steel vials (50 ml capacity) and balls (6 
mm Ø) were used and sealed under an Argon atmo-
sphere. The ball-to-powder weight ratio (BPR) was 7:1 
for each milling/run. The 0h, 3h, 6h, and 15h milled 
powders were placed in an alumina crucible and an-
nealed in a Protherm™ tube furnace for 2h at various 
temperatures (600, 800, and 1000°C) under a flowing 
Ar atmosphere. The heating and cooling rates were 

10°C/min for each run. The purification process of re-
acted powders was conducted using a dilute HCl solu-
tion (Merck™, 37% concentrated). The concentration 
and solid-to-liquid ratio of HCl solution were selected 
as 2 M and 1 g/10 ml, respectively. After centrifugation 
(Hettich™ Mikro 220/220R centrifuge, at 3500 rpm) for 
20 min, decantation and filtration treatments were re-
peated three times, the powders were dried using an 
oven at 100°C.

Thermodynamic calculations were carried out using 
Factsage 7 thermochemical program. The FactPS 
database was used for thermodynamic calculations 
because of including all possible corresponding data 
in the gas, liquid, and solid phases. X-ray diffraction 
(XRD) patterns of powders were obtained using the 
Bruker™ D8 Advance Series X-ray diffractometer with 
CuKα (1.54Å) radiation. The morphological observa-
tions and microstructural characterization of powders 
were conducted using a FEI (Quanta FEG 250) scan-
ning electron microscope (SEM) coupled with an en-
ergy-dispersive spectrometer (EDS). SEM analyses 
were operated at 15 kV under environmental mode.

3. Results and Discussion

The thermochemical predictions of the ZrO2-B2O3-Si-
Mg system were conducted by Factsage™ software to 
have a better understanding of the reaction probability 
and potential reaction products. The standard Gibbs 
free energy (ΔG°) and enthalpy (ΔH°) change of Eq.5 
was calculated for different temperatures between 0 
and 2000°C as given in Figures 1 (a) and (b), respec-
tively. The large ΔG° and ΔH° values of Eq. 5 suggest 
that this reaction has a moral certainty. Figure 1(b) ex-
hibits two sharp increase points in the ΔH° versus tem-
perature curve at 630 and 1095°C which corresponds 
to the respective melting and boiling temperatures of 
Mg [29]. The ΔG° value of reaction (Eq.5) in Figure 1a 
shows a sharp increase around 1100°C caused by the 
vaporization of Mg.

Figure 1 pointed out that the reaction in Eq.5 could be 
started by a magnesiothermic reaction. Since our sys-
tem has two oxides as ZrO2 and B2O3, the magnesio-
thermic reaction could progress as given in Eq.6 and 7.

𝑍𝑍𝑍𝑍𝑂𝑂2 + 2𝑀𝑀𝑀𝑀 = 𝑍𝑍𝑍𝑍 + 2𝑀𝑀𝑀𝑀𝑂𝑂        (6) 
𝐵𝐵2𝑂𝑂3 + 3𝑀𝑀𝑀𝑀 = 2𝐵𝐵 + 3𝑀𝑀𝑀𝑀𝑂𝑂         (7) 

 
Figure 2 shows the probable reaction products pre-
dicted for varying amounts (from 0 to 15 mole) of mag-
nesium input based on Eq.6. Below the stoichiometric 
mole of Mg (corresponds to 7 moles in Eq.6), the pre-
dicted reaction phases are ZrB2, ZrSi, MgO, Mg2SiO4, 
MgSiO3 together with residual ZrO2. According to the 
predictions, the Mg amount is below the stoichiometric 
proportion (7 moles for Mg), the reduction process of 
ZrO2 and B2O3 dominates by the occurrence of silica 
(SiO2) and silicate (ZrSiO4, MgSiO3, and Mg2SiO4) for-
mations. The magnesiothermic reduction, as in Eq.2 
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Figure 1. The graphs of (a) The ΔG°, and (b) ΔH° versus 
temperature based on Eq.5 were produced by the Factsage 
thermodynamic software.

and 3, takes place for a minimum of 3 moles of Mg. 
Above the stoichiometric proportion (7 moles of Mg) as 
in Eq.1, the only reduction mechanism is a magnesio-
thermic reaction, as understood by a sharp increase 
in the slope of the MgO curve in the graph (Figure 2). 
There is also a correlation between the initial Mg mole 
and magnesium silicate phases. When the amount of 
Mg addition increases, the MgSiO3 curve decreases, 
and the Mg2SiO4 curve increases. The MgSiO3 forma-
tions only exit up to three moles of Mg, which means the 
occurrence of Mg2SiO4 formations can be prevented 
with an increasing amount of Mg. In the stoichiometric 

Figure 2. The amount of magnesium versus probable reac-
tion products based on Eq.5 generated from the Factsage™ 
thermodynamic software.

proportion (7 moles of Mg), the thermodynamic pre-
dictions point to the ZrSi, ZrB2, Mg2SiO4, and MgO 
phases. This result indicates the existence of the ZrSi 
phase as possible instead of ZrSi2 for all initial powder 
proportions, except stoichiometric ones. Therefore, 
both of ZrSi and ZrSi2 phases could be obtained for 
our system based on the thermodynamic predictions. 
The increased initial Mg amount (especially 9 moles of 
Mg) contributes to the ZrSi2 formation.

The XRD pattern of initial powders after various times 
of ball milling is illustrated in Figure 3. All XRD patterns 
infer the ZrO2 (ICDD number: 01-078-0047, Primitive 
Monoclinic Bravais Lattice, P21/c), Si (ICDD number: 
71-9399, Face-centered Cubic Bravais Lattice, Fd3 ̅m), 
and Mg (ICDD number: ICDD Card number: 27-1402, 
Bravais lattice: primitive hexagonal Bravais Lattice, 
P63/mmc) phases. The existence of B2O3 peaks is not 
detected in the XRD pattern due to its amorphous na-
ture [10]. The peaks of ZrO2, Si, and Mg phases are 
broadened and their intensities are decreased by in-
creasing high-energy milling durations. In addition to 
this, the ZrO2 peak at 28.17° and Si peak at 28.42° in 
the XRD pattern of as-blended powders (referred to 
as 0 h) are overlapped by intense milling prolonged 
to 15h of milling. The main peak of Mg at 36.5° are 
drastically decreased by 3h and a longer time of mill-
ing, which is a good sign for the stored energy during 
milling. Since the reductive metal is magnesium in this 
study, the stored energy is an important indicator of a 
probable reaction during the annealing process [30].

Figure 3. XRD patterns of high-energy ball-milled powders 
for 0h, 3h, 6h, and 15h.

XRD patterns of powders after various hours of high-
energy milling and annealing at 600°C are illustrated in 
Figure 4. The existing phases of as blended powders 
(addressed with 0h) are ZrO2 (ICDD number: 01-078-
0047, Primitive Monoclinic Bravais Lattice, P21/c), and 
Mg2Si (ICDD number: 00-035-0773, Face-centered 
Cubic Bravais Lattice, Fm3̅m) with a small intensity 
peak of ZrB2 (ICDD number: 01-089-3930, Primitive 
Hexagonal Bravais Lattice, P6/mmm). Since the XRD 
reflections of ZrO2 have high intensities and there are 
small peaks belonging to ZrB2 and MgO phases, it can 
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Figure 4. XRD patterns of high-energy ball milled powders 
for 0h, 3h, 6h, and 15h after annealing at 600°C for 2h.

be said that the magnesiothermic reduction of ZrO2 
slightly occurred. There are also no indications of a 
completed reduction in B2O3 at this stage. Therefore, it 
means the aimed reaction slightly takes place for the 
initial powder batch annealed at 600°C without mill-
ing. In the literature, the initial temperature for ZrB2 
phase formations in most synthesis studies starts 
above 800°C [10, 22, 26]. Some of them require ex-
treme temperatures, such as 1650°C to obtain ZrB2 
formations synthesized from ZrO2 and B2O3 initials [31, 
32]. In this study, using ZrO2, B2O3, Si, and Mg initials, 
the first formation temperature of the ZrB2 phase was 
drawn up to 600ºC. The XRD patterns of high-energy 
milled powders for 3, 6, and 15h (Figure 4) present 
mainly ZrB2 (ICDD number: 01-078-0047, Primitive 
Monoclinic Bravais Lattice, P21/c), ZrSi (ICDD num-
ber: 01-078-0047, Primitive Monoclinic Bravais 
Lattice, P21/c), ZrSi2 (ICDD number: 01-078-0047, 
Primitive Monoclinic Bravais Lattice, P21/c), and MgO 
(ICDD number: 01-078-0047, Primitive Monoclinic 
Bravais Lattice, P21/c) phases together with a small 
intensity belonging to Mg2SiO4. Since no peaks can 
be detected for ZrO2, it can be said that the magnesio-
thermic reduction completely occurred for high-energy 
milled powders. The zirconium silicide phase exists in 
two different stoichiometries as ZrSi2 and ZrSi com-
patible with thermodynamic prediction in Figure 2. The 
studies about synthesis of metal silicides showed it 
is quite possible to obtain metal silicide phases in a 
variety of stoichiometries especially the synthesis pro-
cedure involved a milling process [33, 34]. The ther-
modynamic predictions in Figure 2 also pointed to a 
possible Mg2SiO4 formation, as seen in the XRD pat-
terns in Figure 4. A study revealed that the Mg2SiO4 
phases easily formed with the initial powder batches 
containing Mg and Si phases [35]. Although zirconium 
boride and silicide phases were obtained for 3h milling 
and annealing, extended milling was applied up to 15h 
for the purpose of detecting any probable degradation 
or formation of a new phase. The peak intensities are 
slightly decreased by prolonged milling time, which 
suggests a decline in the crystallite size of powders 
based on the XRD patterns [30].

XRD patterns of high-energy ball milled powders an-
nealed at 800°C and 1000°C are given in Figures 5a 
and b, respectively. The ZrB2, ZrSi2, and ZrSi phases 
are formed for 0h milled powders after annealing at 
800°C and 1000°C. However, the existence of ZrO2 
and Si phases in the XRD pattern of 0h milled and 
annealed powders reveals the uncompleted reaction. 
With the effects of high-energy ball milling, the XRD 
patterns of annealed powders at 800°C and 1000°C 
reveal the reflections of ZrB2, ZrSi2, ZrSi, and MgO 
structures together with a small one that arose from 
Mg2SiO4 phase. There is no distinguished difference 
between the XRD reflections of annealed powders at 
600°C (Figure 4), 800°, and 1000°. It is understood 
that the structures formed in this study are stable and 
not affected by a higher temperature or an extended 
milling time. Since there is no significant difference, 
the minimum milling time (3h) and middle annealing 
temperature (800°C) can be described as optimum 
process conditions. In literature, most reaction tem-
peratures to obtain the ZrB2 phase from ZrO2 and B4C 
initials are above 1600°C [36]. With the help of milling, 
this reaction temperature was reduced to 1200°C [10]. 
Another study reduces the required annealing temper-
ature to 800°C combining ZrO2 with other elements/
compounds such as Zr, B4C, Si, and ZrC [26]. In this 
study, the ZrB2 phase is obtained using ZrO2, B2O3, Si, 
and Mg powders after the annealing process at 600°C 
with the help of milling. In a study, ZrB2 powders were 
driven from ZrO2-B2O3-Mg system by volume combus-
tion synthesis method [37]. They stated the reaction 
temperature as 900°C. Comparing to initial systems, 
the reaction temperature was reduced to 600°C with 
addition of Si in this study.

A purification process with HCl acid solution was ap-
plied in order to remove the MgO phase from the pow-
der structure synthesized via the magnesiothermic 
reduction. The XRD patterns of leached powders are 
given in Figures 6a and b. After purification, some un-
detected phases could be noticeable in the XRD pat-
terns. For this reason, both 3h and 15h high-energy 
milled powders (annealed at 800°C) were leached. 
All peaks were sharp and had high intensities. After 
leaching, there is no new formation detected in the 
patterns. However, the undistinguishable ZrO2 peaks 
in Figure 5a become clear view of the XRD patterns 
in Figure 6a and b. In another word, it is not possible 
to obverse the ZrO2 peaks detected at 28.5° and 31.5º 
because of its small intensity in Figure 5a (3h and 15h 
milled and annealed powders). The Figure 6b demon-
strates that MgO phase is completely removed from 
powder structure by leaching. However, the Mg2SiO4 
phase was remained in the powder structure because 
acid leaching could not eliminate it. By comparing the 
Figures 6a and b, it can be seen that the ZrO2 peaks 
intensities of 3h milled powders are relatively higher 
than those in 15 h milled powders, which suggests that 
milling causes a slight decrement in the residual ZrO2 
content. This can be attributed to the grain refinement 
caused by the fracture mechanism exposed during the 
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milling process. These studies prove an excess Mg 
addition to the stoichiometric proportion can inhibit the 
MgSiO2 formation during the synthesis procedure [33, 
34]. Therefore, excess Mg added initial powder sam-
ples were milled for 3h and annealed at 800°C for 2h. 
Figure 7a and b presents the XRD analysis results of 
high-energy milled and annealed powders with excess 
Mg addition and those after leaching procedure, re-
spectively. In the XRD pattern of milled and annealed 
powder, there are ZrB2, ZrSi2, ZrSi, ZrO2, and MgO 
phases. After removing MgO phases by leaching, all 
peaks in the XRD pattern belong to ZrB2, ZrSi2, ZrSi, 
and ZrO2 phases. It is clear evidence for the inhibition of 
Mg2SiO4 formation by excess Mg addition. Comparing 
to Figure 6a, and 7b, there is a significant difference 
between the proportions of ZrB2, ZrSi2, ZrSi and ZrO2 
formations regarding to their peak intensities. For ex-
ample, the reflections of ZrSi2 in Figure 7b are quite 
higher than those in Figure 6b. Hence, it is obviously 
seen that excess Mg addition influences the zirconium 
boride, silicide and oxide phase composition in the 
synthesized powder structure. The XRD patterns of 
synthesized powder with excess Mg addition in Figure 
7a present any reflection belonging to the residual Mg 
phase as unreacted initial if it is under the detection 
limit of XRD analysis. However, in the case of excess 
magnesium existence, the HCl leaching also removes 
it from the synthesized powder structure. Excess Mg 
addition attributes the ZrSi2 occurrence instead of the 
ZrSi phase. The thermodynamic predictions in Figure 

Figure 6. XRD pattern of powders after high-energy ball 
milled, annealed at 800°C, and leached powders: a) 3h MA 
and b) 15h MA.

Figure 7. a) XRD pattern of excess Mg added powders after 
high-energy ball milling for 3h, annealing at 600°C and, b) 
those after leaching procedure.
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Figure 5. XRD patterns of high-energy ball milled powders 
for 0h, 3h, 6h, and 15h after annealing for 2h: a) at 800°C 
and b) at 1000°C.
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Figure 8. SEM images of excess Mg added powders: a) As-blended, b) High energy milled for 3h, c) High energy milled and 
annealed at 600°C, d) High energy milled, annealed at 600°C and leached, and e) Zr, B, Si and O elemental mapping of d.

2 show the constitution of ZrSi2 formation rather than 
ZrSi in the presence of excess Mg addition for 9 moles. 
The existence of ZrSi is possible for other mole rates 
of Mg based on the Figure 2. Mg2SiO4 and ZrSi2 phas-
es have relation to the common Si content. Inhibition 
of Mg2SiO4 formation supports the formation of ZrSi2 
because there is more Si source to induce the exis-
tence of the zirconium silicide phase. Therefore, the 
ZrSi phase exists in Figures 6 and 7 is probably origi-
nated from the residual of ZrO2. For solid state reac-
tions, the initial powder composition plays a prominent 
role in the obtained powder embody [38].

Figure 8 displays the secondary electron SEM images 
of excess Mg added powders. The as-blended pow-
ders placed in Figure 8a have irregular and different 
particle sizes presenting a homogenous morphology 
of ZrO2, B2O3, Si, and Mg initials. The 3h milled par-
ticles, as seen in Figure 8b, have a uniform distribu-
tion. After annealing at 800°C for 2h, the zirconium 
boride/silicide/oxide particles are embedded into large 
agglomerated MgO particles. The leaching process 
provides the division of zirconium-based ceramic par-
ticles by dissolving the MgO phase in the HCl acid 
solution. Therefore, the SEM images of leached zir-
conium boride/silicide/oxide particles can be seen in 
Figure 8d. The synthesized zirconium-based ceramic 
particles have a spherical shape and their particle siz-
es are smaller than 0.5 µm, as seen in Figure 8d. The 

elemental mapping of Zr, B, Si, and O conducted for 
zirconium boride/silicide/oxide particles was given in 
Figure 8e. The maps of Zr, B, Si, and O elements co-
incide almost entirely with each other, which suggests 
the presence and homogenous distribution of the zir-
conium boride, silicide, and oxide phases.

4. Conclusions

Milling, annealing and following leaching process of 
the ZrO2, B2O3, Si and Mg were successfully used in 
the fabrication of zirconium boride/silicide/oxide ce-
ramic powders with fine microstructure. Synthesis pro-
cedure was studied in terms of different milling dura-
tion, annealing temperature and excess Mg addition. 
The results of experimental studies and thermody-
namic analysis are compatible with each other regard-
ing the formation of probable phases. The formation of 
ZrB2 starts after milling for 3h and annealing at 600°C. 
Results showed that the application of milling has sig-
nificant effects on the resultant composition; however, 
further milling and different annealing temperatures 
displayed any determinant difference. The ZrB2, ZrSi2, 
ZrSi, ZrO2 and Mg2SiO4 phases were obtained using 
the stoichiometric proportion of initial powders after 
the synthesis and purification process. Applying ex-
cess Mg addition to the stoichiometric proportion, the 
occurrence of Mg2SiO4 formation was prevented and 
the final structure of powders comprised ZrB2, ZrSi2, 

a b

c d

e

Zr B Si O
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ZrSi and ZrO2 phases based on the XRD results. The 
SEM analysis showed the powder products have ho-
mogenous distribution and fine structure.
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