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Abstract 

A ZrSiO4/B2O3/Mg/C system was used to synthesize a ZrB2-based composite 

through a high energy ball milling process. As a result of the milling process, a 

mechanically induced self-sustaining reaction (MSR) was achieved in this system. A 

composite powder of ZrB2–SiC–ZrC was prepared in-situ by a magnesiothermic 

reduction with an ignition time of approximately 6 minutes. The mechanism for the 

formation of the product was investigated by studying the relevant sub-reactions, the 

stoichiometric amount of B2O3 and thermal analysis. 
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1. Introduction 

ZrB2 exhibits a number of excellent properties including a high melting point 

(3245°C), high hardness (23 GPa), high electrical conductivity (10
7
 S/m) and thermal 
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conductivity (~60 W/mK), superb thermal resistance and chemical inertness [1]. For 

these reason, ZrB2 is expected to be one of the most promising materials for use in high-

temperature applications. However, ZrB2 is difficult to sinter, and ZrB2 alone does not 

meet all of the necessary requirements for use in aerospace engineering applications, 

especially oxidation resistance [1, 2]. Consequently, ZrB2 is usually employed in a 

composite mode with other refractory ceramics. 

SiC is one of the most widely used materials for creating a composite containing 

ZrB2 [3-6]. SiC enhances sinterability, oxidation resistance and mechanical properties 

of zirconium diboride [7]. Several researchers have studied the use of other ceramic 

compounds, such as ZrC [8], MoSi2 [9, 10], AlN [11] and TiB2 [12], in binary or ternary 

composites. Various methods have been used to synthesize ZrB2-based composites. For 

example, ternary composite of ZrB2–SiC–ZrC have been fabricated using a variety of 

methods such as spark plasma sintering of blended compounds [13, 14], the induction of 

reactions in the Zr/Si/B4C system during heating followed by hot pressing [15] and 

reactive hot pressing of the Zr/Si/B4C system [16]. 

However, a literature survey shows a strong tendency towards the use of 

aluminum and magnesium in reduction of ZrO2 and B2O3 for preparing ZrB2. Such 

approaches take advantages of more affordable raw materials, compared with other 

synthesis mechanisms, as well as the highly exothermic nature of the these reactions 

enabling the use of self-propagating (or self-sustaining) processes [17-22]. The self-

sustaining reaction caused by high energy ball milling of reactants for a critical milling 

period, called the ignition time, is a mechanochemical process referred to as a 

mechanically induced self-sustaining reaction (MSR). In contrast to the conventional 

self-propagating high-temperature synthesis (SHS), an MSR process has the favorable 
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side benefits of mixing of the reactants, the homogenization of the products and an 

intensive reduction of particle size in one single step.  

Zircon (ZrSiO4), as a single source for both zirconium and silicon, may be 

employed for the synthesis of ZrB2–SiC-based composites, which has not been used 

widely so far. The aim of the present work, therefore, was to investigate the 

magnesiothermic reduction of ZrSiO4 and B2O3 for the in-situ preparation of the ZrB2–

SiC-based composite powder by means of an MSR process. Additionally, this work 

aims to explain the mechanism of the formation of ZrB2-based materials in this system 

by studying sub-reactions as well as the influence of stoichiometry of the reactants. 

 

2. Experimental  

The raw materials used in this work were ZrSiO4 (98%, Alfa-Aesar, USA), B2O3 

(98%, Fluka, USA), graphite (99%, Fluka, USA) and Mg (99%, Riedel-deHaen, 

Germany). The particle sizes of all starting powders were in the range of 5-10 

micrometer. The initial materials were subjected to high energy dry ball milling in a 

modified planetary ball mill (Pulverisette7, Fritsch, Germany). The rotational speed and 

ball-to-powder mass ratio were 600 rpm and 30:1, respectively. The milling vial and 

balls (15 mm) were made of hardened chromium steel. All milling experiments were 

conducted under high purity argon gas at a constant pressure of 5 bar. Before the start of 

the milling, the vial was purged with argon gas several times, and the desired pressure 

was finally adjusted. The connection of the vial to the gas cylinder during the milling 

experiments was maintained by a rotating union and a flexible polyamide tube. The 

internal pressure of the vial was monitored by an SMC solenoid valve (model EVT307-

5DO-01F-Q, SMC Co .,  Tokyo, Japan) to determine the ignition time. A sharp peak due 
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to the pressure rise appears in the pressure-time record when the self-sustaining reaction 

occurs as a result of the heat generated. The position of this peak determines the ignition 

time. The system used in this work has been previously presented elsewhere [23]. The 

magnesium oxide by-product was eliminated by leaching the as-milled powder in 1M 

HCl at 80°C for 1h. The ZrB2-based composite was then reclaimed by a centrifuge 

machine with a rotational speed of 15000 rpm for 20 min. 

The general web-site [24] of FactSage software was used to obtain 

thermodynamic data. The adiabatic temperature (Tad) values were calculated using 

following equation: 

 
ad

298

298 )Products()(

T

p dTCHQ   (1) 

where Q is the heat of reaction, 
298H  is the standard enthalpy change at room temperature and 

Cp is the heat capacity of products. 

The structural features of the samples were investigated using X-ray powder 

diffraction (XRD) analysis with a Panalitycal X'Pert diffractometer (45 kV, 40 mA) 

using Cu Kα radiation (λ=0.15406 nm). Thermal specifications of powder mixtures 

were studied by differential scanning calorimetry (DSC) using a TA Instrument Q600 

with a constant heating rate of 10°C/min. The DSC measurements were performed in a 

flowing helium atmosphere. Furthermore, isothermal annealing of powders was carried 

out at different temperatures in a horizontal tubular furnace (IGM1360 model no. RTH-

180-50-1H, AGNI) with a dwell time of 30 min under a flowing argon atmosphere at a 

pressure of 1 bar.  

3. Results and Discussion 

3.1. Mechanosynthesis 
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The first objective of the work was to synthesize a zirconium diboride–silicon 

carbide-based composite from a ZrSiO4, B2O3, Mg and C mixture. To achieve this goal, 

the main reaction required is described by the following equation: 

ZrSiO4 + B2O3 + 7Mg + C → ZrB2 + SiC + 7MgO (2) 

ΔG°298= –1270 kJ,  ΔH°298= –1300 kJ,  Tad ≈ 2750 K 

This reaction possesses the necessary conditions to satisfy Merzhanov criterion 

(adiabatic temperature, Tad > 1800 K [25]) for a self-sustainging reaction. 

Stoichiometric amounts of the initial materials were milled under the previously 

described experimental conditions. As seen in Fig. 1, a large pressure rise was observed 

in the diagram of internal pressure of the vial versus milling time, which corresponds to 

an intense exothermic reaction with a short ignition time of 6 min. Similar ignition time 

was observed by the authors during the magnesiothermic reductive mechanosynthesis of 

zirconium diboride from ZrO2 and B2O3 [26]. Some research has already used 

magnesium for the synthesis of ZrB2 from ZrO2 and B2O3 through high energy milling. 

The ignition time in this study and also our previous work [26] was 6 min while ZrB2 

has been reported in other works to be prepared within longer times, for example 15 

[19] and 30 [21] hours of milling. The preparation in longer times indicates that no 

MSR ignitions in those past studies have occurred. The main difference between the 

present research and other works lies in the milling intensity (rotational speed of 600 

rpm used in our works as compared to values of 165 rpm [19] and 300 rpm [21] in other 

works), thus providing an example of the critical role that the milling conditions play in 

the development of a self-sustaining reaction. 

Figure 2 shows the XRD patterns of ZrSiO4, B2O3, C and Mg powder mixture as-

blended and after different milling times. The XRD pattern of the as-blended mixture 
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shows only the sharp peaks from the initial materials. The XRD pattern in Fig. 2 of the 

sample taken immediately after ignition (6 min of milling) clearly shows the production 

of ZrB2 as the major phase together with MgO, SiC and ZrC. A negligible amount of 

Mg2SiO4 was also detected. A slight amount of ZrSiO4 remained in the mixture 

immediately after ignition, which is typical behavior in mechanosynthesis reactions, 

especially for MSR reactions [27] that occur over short time periods. This result is due 

to incomplete mixing of reactants in a short time and the entrapment of some powders 

in the dead zones of the milling vial. By increasing the milling time, these trapped 

powders will gradually be exposed to the ball impacts and will be locally reacted. 

Figure 2 shows the XRD pattern of a sample milled for 3 h in which the remaining 

ZrSiO4 and Mg2SiO4 phases disappeared entirely. Dissolution of the MgO by-product 

was carried out by using a 1M HCl solution. The XRD pattern of leached product after 

3 h of milling is shown in Fig. 2. The MgO has been completely removed, and the of 

ZrB2–SiC–ZrC composite product remained. 

 

3.2. Mechanism of product formation  

3.2.1. Milling process 

As shown in Fig. 2, ZrC was not initially considered in reaction (2) but is clearly 

an observed compound in this system. ZrC can also be considered as a beneficial by-

product. The formation of products that include ZrC may be explained by the following 

reaction mechanism. Zircon and boron oxide must be reduced to their corresponding 

elements to form the target compounds. These sub-reactions are as follows: 

3Mg + B2O3 → 2B + 3MgO (3) 

ΔG°298= –515 kJ,  ΔH°298= –532 kJ,  Tad ≈ 2630 K 
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4Mg + ZrSiO4 + C → Zr + Si + C + 4MgO (4) 

ΔG°298= –363 kJ,  ΔH°298= –377 kJ,  Tad ≈ 1575 K 

Regarding the adiabatic temperatures (Tad) and enthalpy values of the above 

reactions, reaction (3) satisfies the Merzhanov criterion to proceed in a self-sustaining 

manner. However, the reduction of ZrSiO4 by Mg (reaction 4) does not satisfy this 

condition, and hence is expected to be a gradual solid state ordinary reaction. If reaction 

(4) occurs, the Zr, Si and C may form ZrC and SiC compounds in a subsequent step, 

which actually happened in overall reaction as Fig. 2 shows. Zirconium disilicide 

cannot form as discussed below. 

However, when the Mg, B2O3 and ZrSiO4 are simultaneously present in a system, 

the stoichimetric fraction of Mg is able to reduce B2O3 in a self-sustaining manner to 

yield elemental B and MgO together with the release of a significant amount of heat. 

Such a heat release increases the instantaneous temperature inside the milling vial to a 

level that can trigger the reaction between Mg and ZrSiO4 to form elemental Zr and Si. 

The presence of the spinel phase of Mg2SiO4 among products just after ignition 

may be an indication of an intermediate step in which ZrSiO4 first decomposes to its 

individual oxides, ZrO2 and SiO2, due to the heat generated by the reduction of boron 

oxide. At the same time, a slight amount of silicon oxide combines with some of the 

produced MgO to form magnesium silicate. The ZrO2 and SiO2 are subsequently 

reduced by the remainder of magnesium to form elemental silicon and zirconium. 

Figure 3 shows the changes of gibbs free energy of zircon decomposition versus 

temperature. It can be seen that greater than 1850 K, zircon is thermodynamically 

possible to decompose to its individual oxides. When ignition occurs in the reaction (2), 

the temperature of the system increases theoretically to the adiabatic temperature (2750 
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K), which is greatly larger than 1850 K. Thus, decomposition of zircon in the ignition 

moment is justifiable.  

Therefore, after both the reduction reactions, elemental Si, Zr, B and C are present 

in the system. Figure 4 shows the standard free energy of the formation of various 

possible compounds that may be created from these elements. ZrB2 clearly has the most 

negative energy; hence, boron has the highest tendency to react with zirconium to form 

zirconium diboride. The highly exothermic formation reaction of ZrB2 may provide 

extra heat to the system, which allows the ZrSiO4 reduction reaction to proceed more 

easily and avoids extinction of the self-sustaining reaction. In spite of ZrB2, Fig. 4 

shows a fairly high tendency for the formation of ZrC compared to the other 

compounds, especially ZrSi2. Therefore, it appears reasonable that ZrC is formed by the 

reaction of some of the Zr and C present in the system. Finally, no zirconium remains 

among the materials to form ZrSi2. The concurrent formation of ZrB2 and ZrC has also 

been reported by other researchers [28]. The reduced Si and remaining C may then form 

SiC as the second carbide phase. These sub-steps may be written as follows: 

Zr + 2B → ZrB2 (5) 

ΔG°298= –318 kJ,  ΔH°298= –322 kJ,  Tad ≈ 3200 K 

Zr + C → ZrC (6) 

ΔG°298= –193 kJ,  ΔH°298= –196 kJ,  Tad ≈ 3450 K 

Si + C → SiC (7) 

ΔG°298= –70 kJ,  ΔH°298= –73 kJ,  Tad ≈ 1650 K 

It must be noted that during milling, all the above sub-reactions (equations 3 to 7) 

occur instantly and simultaneously at the ignition point such that it is impossible to 
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separate them. In order to examine the proposed mechanism, sub-reactions (3) and (4) 

were individually investigated. 

Stoichiometric amounts of the starting materials in the Mg/B2O3 and 

Mg/C/ZrSiO4 systems were separately mixed according to the reactions (3) and (4) and 

were milled under the same conditions. For reaction (3), the ignition time was found to 

be approximately 8 min (see Fig. 1). The XRD patterns of the initial material and the 

milled sample up to the ignition point (8 min) are shown in Fig. 5. The ignited sample 

contains MgO together with trace amounts of the initial remaining Mg due to the 

entrapment in the dead zones inside the vial, as previously mentioned. Elemental B 

cannot be observed in the pattern, likely due to its amorphous state because of the 

extremely high heating and cooling rates during ignition. A small amount of an MgO-

rich spinel (3MgO.B2O3) was also formed after ignition. The formation of this type of 

spinel phase can be explained as a consequence of a reaction between larger amounts of 

MgO and smaller amounts of the remaining boron oxide.  

For reaction (4), as expected from its thermodynamic data, no pressure rise was 

observed throughout milling for 4 h. Figure 6 shows the XRD pattern of the un-milled 

powder and the powder milled for 4 h. Only peak broadening was observed during this 

period. This result indicates that during milling under the applied conditions, 

magnesium cannot cause the reaction (4) to become self-sustaining to obtain Zr and Si. 

The products of this reaction might be gradually formed in an ordinary way under more 

intensive experimental conditions for a much longer time.  

Therefore, it can be concluded that the reduction of B2O3 is the major contributor 

of the necessary heat to cause the simultaneous reduction of ZrSiO4 and the subsequent 

formation of the boride and carbide phases.  
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3.2.2. Thermal behavior  

Differential scanning calorimetry (DSC) was used to study the reaction mechanism 

during heating. For this purpose, a homogeneously blended Mg/ZrSiO4/B2O3/C powder 

mixture was subjected to DSC analysis at a heating rate of 10 
°
C/min, as shown in Fig. 7. 

The DSC curve exhibits two endothermic peaks at approximately 100 °C and 650 °C 

and two exothermic peaks at approximately 700 °C and 1100 °C. The low–temperature 

endotherm appears to be related to the vaporization of water adsorbed to the B2O3. The 

higher temperature endotherm is related to the melting of magnesium. The reaction 

between the materials clearly starts with an onset temperature of 700°C, where a sharp 

and narrow exotherm is observed. The shape of this peak can be a typical sign of a self-

sustaining reaction.  

Fig. 8 shows the XRD patterns of the products after the heating of the initial 

mixture at different temperatures, with the aim of clarifying the nature of the peaks 

appearing in the DSC curve. The XRD pattern corresponding to the annealed sample at 

750°C (after the first exotherm in the DSC graph) shows a considerable amount of the 

MgO phase along with unreacted initial materials. The formation of MgO phase 

indicates that the first exotherm is related to the reduction of boron oxide by magnesium 

(reaction 3). Although the reaction of Mg with B2O3 is highly exothermic, as shown in 

Figs. 5 and 7, the experimental conditions used during annealing are insufficient to 

release enough heat to induce the self-sustaining reduction of zircon and the 

transformation of all of the reactants into products of reaction (2).  

The second exotherm at 1100°C in the DSC curve is broad, ranging from about 

950°C to about 1200°C. To clarify the nature of this exotherm, heat treatments were 
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performed at 1000°C (slightly after start of the exotherm) and 1200°C (the end of the 

exotherm). The XRD pattern corresponding to the sample heated to 1000°C indicates 

that a considerable amount of ZrB2 was formed, as shown in Fig. 8. A small amount of 

magnesium borate (Mg2B2O5) and magnesium silicate (Mg2SiO4) was also formed. The 

formation of ZrB2 and Mg2SiO4 demonstrates that the second exotherm is attributed to 

the decomposition and reduction of ZrSiO4 and the formation of its related products. 

The XRD results suggest that ZrSiO4 is first decomposed into ZrO2 and SiO2. ZrO2 is 

subsequently reduced by Mg, and the Zr reacts with B present in the medium to form 

ZrB2. All the SiO2 transforms to Mg2SiO4 due to the reaction with MgO prior to the 

reduction by Mg. Hence, there is no elemental silicon or another compound that 

includes Si in the XRD pattern. Carbon is observed to remain unreacted among 

products, and no carbide phase (ZrC or SiC) was formed. 

Increasing the temperature to 1200°C causes the ZrSiO4 reduction to be 

completed with ZrB2 as the major product. However, magnesium silicate and 

magnesium borate are still present in the system, which account for their stability. 

Carbon is also present in the system as an unreacted element. The broad shape of the 

second exotherm in the DSC graph is consistent with the gradual nature of the reduction 

of zircon. Finally, by increasing the temperature to 1400°C, magnesium borate was 

dissociated, whereas magnesium silicate was still stable. At this temperature, carbon did 

not participate in the reaction to form any carbide phase. Contrary to milling 

experiments, no carbide phases form during the heat treatment, and all of the reduced Zr 

reacts with boron to form ZrB2. Indeed, the temperature increases gradually in the 

heating experiments, and these temperatures are insufficient to cause a reaction between 

Zr and C before the reaction between Zr and B. 
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The annealing treatments described above show evidence for the preliminary 

reduction of boron oxide, followed by the reduction of zircon at higher temperatures. 

This general trend is consistent with the mechanism proposed for mechanochemical 

synthesis. However, since the experimental conditions during the annealing treatments 

for inducing an SHS process were not met (using loose powder and low heating rate), 

the differences observed in the final product between milling and annealing routes may 

be related to the different kinetics associated with self-sustaining and gradual processes. 

The main difference is the total consumption of SiO2 for the formation of the spinel 

phase of magnesium silicate in the heat treatments, while SiO2 was mostly reduced to Si 

in the milling experiments. Before SiO2 could be reduced by Mg during heat treatments, 

it reacts with MgO to form the silicate phase. The second difference is that carbon did 

not participate in the reaction to form carbide phases during the heat treatments. 

Therefore, ordinary heat treatment is not a suitable method to synthesize ZrB2–SiC–ZrC 

composites.  

 

4. Conclusion 

High energy ball milling was successfully applied for the mechanosynthesis of a 

ZrB2–SiC–ZrC composite by means of a magnesiothermic reduction. The synthesis in 

the Mg/B2O3/ZrSiO4/C system was found to be self-sustaining and to have an ignition 

time of 6 min of milling. Examination of the sub-reactions revealed that B2O3 is easily 

reduced by Mg, while magnesium cannot self-sustain the reduction of ZrSiO4 to Zr and 

Si. It was concluded that the great deal of heat generated through the reduction of B2O3 

by Mg is capable of activating the reduction of ZrSiO4. It was found that heat treatment 
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of the Mg/B2O3/ZrSiO4/C system with an ordinary heating rate will not produce the 

desired composite. 
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Fig. 1. Pressure inside the vial versus milling time for the Mg/ZrSiO4/B2O3/C (reaction 2) and 

Mg/B2O3 (reaction 3) systems. 
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Fig. 2. X-ray diffraction patterns of the as-blended, milled and leached samples of the 

Mg/ZrSiO4/B2O3/C system. 

 

Fig. 3. Standard free energy of zircon decomposition to its individual oxides versus temperature. 
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Fig. 4. Standard free energy of formation for various potential compounds capable of 

being created from elemental Zr, Si, B and C. 

 

Fig. 5. X-ray diffraction patterns of the initial and milled samples of the Mg/B2O3 system. 



19 

 

 

Fig. 6. X-ray diffraction patterns of the initial and milled samples of the Mg/ZrSiO4/C system. 

 

Fig. 7. DSC curve of the as-blended mixture in the Mg/ZrSiO4/B2O3/C system. 
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Fig. 8. X-ray diffraction patterns of the blended powders in the Mg/ZrSiO4/B2O3/C system after 

heating at 750, 1000, 1200 and 1400°C (30 min dwell time at maximum temperature prior to 

cooling inside the furnace to room temperature). 


