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ABSTRACT: Zirconium diboride is an ultra high temperature ceramic material that leads this emerging class of materials because 
of its distinct combination of properties, including high melting temperature (> 3000 °C) and the lowest theoretical density
(6.09 g·cm–3) among the borides. This combination of properties makes ZrB2 candidate for airframe leading edges on sharp-
bodied reentry vehicles. In this work, the effect of particle size of ZrB2 on the pressureless sintering of ZrB2-SiC composites was 
studied, using ZrB2 powder with average particle size of 2.6 and 14.2µm. Four different vol% concentration of ß-SiC (0, 10, 20 
and 30 vol%) were added to as-received and planetary milled ZrB2 powder. Samples were pressureless sintered at 2050 °C/1h 
in argon atmosphere. The reduction of initial ZrB2 particle size led to composites with better results of densifi cation, mechanical 
properties and oxidation resistance regardless ß-SiC addition, showing relative densities around 92.5 %Theoretical Density (Td) 
and fl exural strength and microhardness around 260 MPa and 17.5 GPa, respectively. Composites processed with as-received 
ZrB2 powder showed increasing in densifi cation and fl exural strength with the SiC content increasing. Relative density varied from 
74.7 to 90.8 %TD and fl exural strength from 102 to 241 MPa, for 0 and 30 vol% of SiC, respectively.

KEYWORDS: Ultra high temperature ceramics, ZrB2, SiC, Sintering, Thermal protection system.

INTRODUCTION

Reusable atmospheric reentry vehicles and hypersonic fl ight vehicles, regardless of their specifi c designs, require control 
surface with sharp leading edges (radius as low as 1 cm or less) in order to increase the range of hypersonic fl ight paths and reentry 
trajectories (Boyd and Padilla 2003; Loehman et al. 2006; Sziroczak and Smith 2016). However, low-radius edges are subject to 
much greater aerothermal heating than blunt edges, such as those of the space shuttle. Th e temperature of the leading edge is 
inversely proportional to the square root of its radius, in other words, the more aerodynamic the shape, the higher the temperature 
(Kontinos et al. 2001). Flight trajectories having rapid acceleration to Mach 10 impose signifi cant heat fl uxes and mechanical 
stress associated with vibration (Rolim et al. 2011; Van Wie et al. 2004). For example, the temperatures at a blunt leading edge 
like the space shuttle orbiter are approximately 1650 °C. For hypersonic vehicles with sharp aerosurfaces (engine cowl inlets, wing 
leading edges and nosecaps), there are foreseeable needs for reusable materials that can withstand temperatures of 2000 °C or 
above operating in air (Opeka et al. 2004; Squire and Marschall 2010; Walker and Sullivan 2003).

Currently, structural materials for use in high temperature oxidizing environments are limited to SiC or Si3N4 based composites, 
oxide ceramics and carbon fi ber composites with thermal protection. SiC based ceramics and protected C/C composites exhibit 
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good oxidation resistance only up to ~1600 °C, and their thermal cycling lifetimes are modest (Justin and Jankowiak 
2011). Ultra-high temperature ceramics (UHTC) are an emerging class of highly refractory structural materials capable 
of withstanding extreme environments (Johnson et al. 2009; Paul et al. 2012). They are borides and carbides of the early 
transition metals with high melting points (> 3000 °C). The ability to form refractory oxide layers gives these materials 
the capability to withstand temperatures of 2000 °C or above (Gash et al. 2005; Levine et al. 2002). These compounds 
have strong covalent bonds and exhibit higher electrical and thermal conductivities than oxide ceramics. Diboride-based 
UHTCs have higher thermal conductivities than carbides and nitrides, which gives them good thermal shock resistance 
and makes them ideal for many high temperature thermal applications (Fahrenholtz et al. 2007).

Among the family of UHTCs materials, zirconium diboride (ZrB2) has exclusive combination of high mechanical 
properties, thermal and electrical conductivity, wear resistance, good oxidation and reasonable chemical attack resistances, 
and relatively low theoretical density (6.09 g.cm–3). These properties have called attention to apply ZrB2 in aerospace 
systems that require exposure to extreme thermal and chemical environments, such as leading edges of hypersonic 
vehicles, rocket propulsion and for reusable atmospheric re-entry vehicles (Monteverde et al. 2008). Other non-aerospace 
applications include furnace heating elements, refractory crucibles for molten metal contact and plasma-arc electrodes, 
as well as cutting tools components and wear resistant devices (Neuman et al. 2013).

Despite their attractive properties and potential applications, processing costs and densification remain challenges for 
the fabrication of ZrB2-based UHTC components (Guo 2009). Because of strong covalent bonding, low volume and grain 
boundary self-diffusion coefficients and the presence of surface oxide impurities, sintering of ZrB2-based compositions is 
difficult (Sonber and Suri 2011). In most cases, dense ZrB2 ceramics without additives are obtained by hot pressing (HP) 
at 2100–2300 °C, which is limited to simple geometric shapes. In addition to cost, fabrication of complex components 
requires expensive and time-consuming diamond machining to produce the desired shape from the pressed billet. 
Pressureless sintering offers a number of advantages over pressed-assisted processes, such as enabling the fabrication 
of components to near-net shape using standard powder-processing methods, and the production of multiple articles 
in a single furnace run (Chanberlain et al. 2006). Above all, the cost, time and material waste associated with diamond 
machining of the sintered parts can be substantially reduced.

Pressureless sintering (PLS), however, requires that the driving force for densification be a result of surface interactions 
among contacting particles. Because of this, it is rather difficult to densify pure ZrB2 ceramics by pressureless sintering 
without any additives due to its strong covalent bonding and low volume self-diffusion coefficients (Guo 2009). Various 
additives have been tried to improve the densification of ZrB2. Metals, carbon, carbides, diborides and silicides were 
used to enhance the ZrB2 densification (Davi et al. 2016; Fahrenholtz et al. 2008; Sciti et al. 2006). A number of studies 
have shown that the introduction of SiC has beneficial effects not only to improve densification, but also on mechanical 
properties and oxidation resistance (Juliani et al. 2015; Zou et al. 2013; Zhang et al. 2008; Rezaie et al. 2007).

Starting particle size also affects ZrB2 densification behavior. Reducing ZrB2 particle size has been proved to enhance 
densification at lower sintering temperatures (Thompson et al. 2011; Fahrenholtz et al. 2008). However, the addition 
of sintering aids it is necessary to remove the oxygen content on the ZrB2 particle surface, which increases during the 
milling process to reduce particle size. Surface oxide impurities promote evaporation-condensation mechanisms, which 
led to the possibility of coarsening at temperatures below densification of ZrB2. Small amounts of B4C and C are the most 
studied additives to be used in sintering ZrB2 in order to react with the oxide impurities.

So far, the effect of particle size on ZrB2 densification was analyzed only for monolithic ZrB2. This paper proposes 
to evaluate the effect of ZrB2 starting particle size on the pressureless sintering of ZrB2/β-SiC composites containing 
different β-SiC volume fraction. The sintering behavior of the as-received relatively coarse ZrB2 powder (average diameter: 
14.2 µm) and the powder after planetary milling (average diameter: 2.6 µm) was investigated in composites with β-SiC 
addition. The relative density, mechanical properties, microstructure and oxidation resistance were analyzed for two 
groups of composite with as-received and after-planetary milled ZrB2 matrix.
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EXPERIMENTAL
MATERIALS

The used raw materials were ZrB2 powder obtained from the ESK (Elektroschmelzwerk Kempten-Germany) and 
fine β-SiC powder, BF-12 grade (H.C. Starck-Germany). This ZrB2 powder is mainly applied to refractory industry, 
and according to the supplier it presents Zr + B > 95 wt% and Carbon < 1.5 wt%. ZrB2 powder was used both as-received 
(AZ) and after-planetary milling (MZ). Among high-energy ball mills, the planetary is a mechanically simple and versatile 
device for efficient grinding. It is usually made of two or more jars, rotating at an angular velocity ω around their axis. 
ZrB2 powder was milled using a polyethylene container in isopropanol with a-SiC spheres (6 mm of diameter) during 
6 h. Three different ball to powder ratio (BPR) were analyzed: 5:1, 7:1 and 10:1. The resulting SiC media contamination 
was determined by weighing the SiC balls before and after each milling condition. Particle size distributions of the as 
received and milled powder were measured by laser light scattering (Malvern Panalytical: Mastersizer 3000E). Morphology 
and powder size of ZrB2 before and after milling were observed by Scanning electron microscopy (SEM – Model LEO 
435i-Zeiss). The oxygen contents of the starting powders were measured by the LECO furnace method (Model TC500).

METHODOLOGY

Four compositions were prepared with addition of 0, 10, 20 and 30 vol% of β-SiC to either as-received (AZ) or planetary-
milled (MZ) ZrB2 powder. The powder mixtures were ball milled for 4 h in isopropanol using SiC media. Subsequently, 
the slurries were dried by allowing the solvent to evaporate with a constant stirring to avoid particle sedimentation. The 
dried powder cakes were ground by pulverizing with an agate mortar and pestle and then sieved (–65 Mesh) to produce 
uniform granules for dry pressing. For the densification studies, 20 mm diameter and ~5 mm tall pellets were prepared 
by uniaxial dry pressing (DP) at 60 MPa followed by cold isostatic pressing (CIP) under 300 MPa. Pressureless sintering 
(PLS) was carried out in a graphite furnace in flowing argon atmosphere. Pressed samples were placed inside a graphite 
crucible and heated at 20–30 °C/min to 2050 °C for 1 h dwell time.

The bulk densities were measured by Archimedes’ method with water as the immersing medium. The relative density 
was estimated by dividing the measured bulk density by a theoretical density (TD) value calculated using the mixture rule. 
Densities of 6.09 g.cm–3 for ZrB2 and 3.21 g.cm–3 for SiC were used for the theoretical densities calculation. Microstructures 
were characterized using a scanning electron microscopy (SEM – Model LEO 435i-Zeiss) to observe the fracture surface 
of the sintered samples. X-ray diffraction (XRD- X’Pert Pro MPD Panalytical) was carried out to identify crystalline 
phases using a monochromated CuKα. Vickers microhardness (Future-Tech, model FM-7) was measured on polished 
surfaces with an applied load of 4.9 N and a dwell time of 15 s. At least ten indentations were made for each sample. 
Flexural strength at room temperature was measured on chamfered and polished bars of 35 mm × 4.0 mm × 3.5 mm 
(length × width × thickness, respectively). Four-point bending mode was used in a universal testing machine (Instron, 
model 4301) to measure the flexural strength over a 27/9 mm span at a crosshead speed of 0.5 mm/min using. The 
reported results are the average of at least 10 specimens.

Oxidation tests were carried out in polished bars of 2.0 × 2.5 × 15.0 mm. Sample weights (to an accuracy of 0.1 mg) 
and dimensions (to an accuracy of 0.001 cm) before oxidation were recorded and used to estimate mass change per unit 
area after oxidation. Samples were ultrasonically cleaned in isopropyl alcohol prior to exposure and were placed on an 
alumina crucible by resting them on the edge of the crucible to minimize the contact area. The tests were performed 
in a box furnace in stagnant air from room temperature (25 °C) to the desired temperature and time (1100 °C/4h and 
1400 °C/1h). After that, the furnace with the samples inside was cooled to room temperature. XRD was used to identify 
the crystalline phases formed during oxidation process. SEM characterization was performed on the sample surfaces 
after oxidation exposure.
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RESULTS AND DISCUSSION

High Energy planetary milling of ZrB2 powder was very efficient in reducing particle size. The planetary ball mill is one of the 
most popular and most effective comminution processes. The average particle sizes of the planetary milled ZrB2 at different BPR 
are shown in Table 1. As-received ZrB2 had an initial average particle size of 14.2 µm, which decreased to 1.5 µm after milling 
with 10:1 BPR. The BPR has been established as an important parameter in ball milling that must be appropriately selected. In 
general, the higher the ball to powder weight ratio, the more effective the milling process is. This increased effectiveness is because 
the number of collisions per unit time increases with the number of balls. However, BPR of 10:1 resulted in ZrB2 powder with 
higher oxygen content and SiC milling media contamination of 3.8 wt% (Table 1). Considering these milled powder features, 
the milled ZrB2 with BPR of 5:1 was chosen to prepare the composites with β-SiC powder. This powder presented 2.0 wt% of SiC 
contamination, which is equivalent to 3.7 vol%. This a-SiC content was considered to calculate the composite theoretical density 
and the total a-SiC content after sintering (Table 2).

Table 1. Results of average size, SiC contamination and oxygen content of the as-received ZrB2 powder 
and after planetary milling with different BPR.

Powder features ZrB2 as received
ZrB2 planetary milling (BPR*)

 (5:1)  (7:1)  (10:1)

Average size (µm) 14.2 2.6 2.3 1.5

SiC wt% contamination – 2.0 2.8 3.8

Oxygen content 0.40 ± 0.04 1.22 ± 0.06 1.69 ± 0.04 2.56 ± 0.03

*BPR-ball to powder ratio.

Figure 1 shows the particle size distribution of β-SiC and as-received and milled ZrB2 powders. Powders used to prepare 
the composites are in red color. It can be seen the significant reduction of ZrB2 particle size distribution after planetary milling. 
The curves of the milled ZrB2 show a bimodal distribution of particle size. There is a coarser distribution between around 80 to 
0.5 µm, and a finer distribution around 0.5 to 0.1 µm. SiC powder is relatively finer with an average particle size of 0.8 µm.

Figure 1. Particle size distribution of SiC as-received and milled ZrB2 powders with different BPR. 
The used powders to prepare the composites are in red color.

Figure 2 shows SEM micrographs of as-received ZrB2 powder and after-planetary milling with 5:1 BPR. The particle sizes 
and morphology of the powders are in accordance with the particle size distribution (Fig. 1), showing significant particle size 
reduction after planetary milling.
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Figure 3 shows the relative density results of ZrB2-SiC samples aft er CIP (Fig. 3a) and aft er PLS (Fig. 3b) as a function of SiC 
content. Table 2 shows the values of SiC vol% fraction and theoretical densities calculated from the rule of mixtures used to obtain 
the relative densities plotted in Fig. 3. Th e SiC media contamination was taken into account to calculate the theoretical density 
of MZ-SiC composites.
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Figure 2. SEM micrograph of ZrB2 powder: (a) as-received and (b) after-planetary milling with 5:1 BPR.

Table 2. SiC vol% and theoretical densities of the prepared composites.

AZ-SiC MZ-SiC

SiC vol% Theoretical density (g.cm–3) SiC vol% Theoretical density g.cm–3

0 6.09 3.7 5.984

10 5.802 13.3 5.707

20 5.514 22.9 5.429

30 5.226 32.6 5.152

Figure 3a shows the diff erence of green densities between composites prepared with distinct initial ZrB2 particle sizes. Pressed 
composites with coarser ZrB2 initial particle size show higher green densities than composites with milled ZrB2 powder. Th e coarser 
particle size distribution leads to a better powder packing, resulting in higher green density. For AZ composites, the increase in SiC 
content leads to a slight increase in green density. Figure 4 shows the fracture surface microstructure of the CIP samples AZ-10SiC 
and MZ-10SiC. It can be seen the diff erence in particle sizes between two samples that give rises to green densities diff erence.

Figure 3. Relative density of ZrB2-SiC composites as a function of SiC content: (a) after CIP compaction; (b) after PLS at 2050 °C/1h.

(a) (b)
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Although the higher initial green densities, samples with coarser ZrB2 showed lower fi nal densifi cation aft er sintering (Fig. 3b). 
AZ without SiC addition exhibited the lowest relative density (74.7 ± 0.7 %TD). As SiC concentration increased in samples AZ, 
the relative density increased reaching values of 90.8 ± 0.7 for composite AZ-30SiC. Composites prepared with MZ showed higher 
densifi cation regardless of the SiC concentration. Th eoretical densities were between 91 and 93 %TD. Th ese results suggest that 
densifi cation of ZrB2 and ZrB2-SiC composites are greatly facilitated by the powder size reduction even though the higher oxygen 
content. Reducing the starting particle size appeared to increase the driving force for densifi cation by the increasing in surface area.

X-ray diff raction patterns of ZrB2-SiC sintered at 2050 °C/1h (Fig. 5) showed the presence of two main phases, i.e., ZrB2 and 
α-SiC polytypes in both set of composites prepared with AZ and MZ powders. No other phase (oxides or compounds with Zr 
and Si) is found in any sintered composite, showing no formation of solid solution between ZrB2 and SiC. Th e initial cubic β-SiC 
(3C) powder was transformed in a mixture of hexagonal α-SiC during sintering at high temperature. Th e 4H and 6H polytypes 
of α-SiC were the predominate polytypes. Due to the signifi cant overlap of the Bragg refl ections from the diff erent SiC polytypes, 
it is not possible to verify the co-existence of β (3C) and α (4H and 6H) SiC polytypes.

(a) (b)

Figure 4. SEM micrographs of the fracture surface of samples after CIP compaction: (a) AZ-10SiC and (b) MZ-10SiC.

Figure 5. XRD patterns of the MZ-SiC composites after sintering at 2050 °C/1h.
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Figure 6 shows SEM images of the fracture surface of the ZrB2 without β-SiC addition and the energy dispersive spectroscopy 
(EDS) spectrum of two different regions of AZ sample. The microstructure of two samples is very different with the AZ sample 
showing large grains and high porosity while MZ shows smaller grain size and pore fraction compared to that of AZ microstructure. 
Using back scattered electron (BSE) image, a dark grey phase was observed throughout the AZ microstructure. EDS analysis shows 
that this phase is predominantly composed by boron (Fig. 6a, region 2). The presence of this boron-containing phase is related to 
the ZrB2 synthesis process. According to the powder supplier, this ZrB2 powder is manufactured by a boro-carbothermal process 
from the raw materials boron oxide, zirconium oxide and carbon in an arc furnace at temperatures above 2400 °C. Concurrently, 
the following reaction (Eq. 1) takes place:

B2O3 + ZrO2 + 5 C → ZrB2 + 5 CO

The resultant gray-silver crystals are separated from unreacted material, ground and classified in further preparation steps. 
Depending on its further use, the material is ground until in the micron range. The EDS of region 1 indicates the elements of light 
grey phase, which corresponds to ZrB2 grains.

(1)

(a) (b)

0 5 10
Energy (keV)

0 5 10
Energy (keV)

(1)

(1)

(2)

(2)

Figure 7 shows SEM images of the fracture surface of the PLS ZrB2-SiC composites. Two majority phases can be clearly 
distinguished in backscattered electron (BSE) images. BSE image analysis confirms that light gray phase is ZrB2 grains and dark 
gray phase is SiC grains. Sintering with MZ powder promoted a finer microstructure with smaller ZrB2 grain size and SiC grains 
uniformly dispersed in the ZrB2 matrix (Figs. 7b, 7d and 7f) compared with AZ composites (Figs. 7a, 7c and 7e). Equiaxed ZrB2 
grains with an average size range from 30 to 18 µm and 16 to 9 µm were observed in composites with AZ and MZ, respectively. 
Micrograph of composites with MZ presents virtually pore-free microstructure (Figs. 7b, 7d and 7f).

Figure 6. SEM images of sintered ZrB2 without SiC addition, and EDS of two different phases of sample 
AZ (region 1 and 2): (a) AZ; (b) MZ.

Element Weight % Atomic %

B K 17.3 61.9
O K 1.7 4.1
Zr L 79.2 33.6
Hf L 1.8 0.4
Total 100.0

Element Weight % Atomic %

B K 93.5 98.9
Si K 0.2 0.1
Fe L 2.6 0.5
Zr L 3.7 0.5
Total 100.0
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All micrographs show fracture surfaces with a transgranular aspect and a signifi cant reduction of ZrB2 grain size with increasing 
SiC content. Th e growth of the ZrB2 matrix grains is probably inhibited by SiC particles by pinning of the ZrB2 grain boundaries 
during sintering. Moreover, the grain growth is also restricting by the removal of intergranular oxide impurities as B2O3 with 
reaction with SiC, as shown in the following reaction (Eq. 2) (Zhang et al. 2008).

SiC (s) + 6 B2O3 (l) → 7 SiO2 (s) + 3 B4C (s) + 4CO(g)

Th e morphology of ZrB2 grains is equiaxed, while SiC grains appear to be elongated (Fig. 7). Th e platelet SiC grain morphology 
is result of the very fi ne SiC particle size starting powder and can be explained using the percolation theory (Zhang et al. 2008). 
Besides, a-SiC phase transformation with the associated platelet like grains morphology can also improve mechanical properties 
such as fracture toughness.

(2)

(a)
AZ MZ

(c)

(e)

(b)

(d)

(f)

Figure 7. SEM (BSE) images depicting the microstructures of the ZrB2-SiC composites processed with AZ and MZ powder 
sintered at 2050/1h: (a) and (b) 10% SiC; (c) and (d) 20% SiC; (e) and (f) 30% SiC.
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Figure 8 shows the correlation between mechanical properties as flexural strength and micro hardness with SiC 
content. Samples with MZ show the highest flexural strength regardless SiC content with average results of 260 MPa for all 
compositions, including for ZrB2 without β-SiC addition. Composites prepared with MZ had higher strengths as a result 
of smaller grains and higher densification. On the other hand, flexural strength of composites with AZ was smaller than 
sintered with MZ, varying from 112 ± 13 for pure ZrB2 to 241 ± 21 MPa for sample AZ-30SiC. The relative higher grain 
size and higher porosity of samples processed with AZ may be responsible for the lower flexural strength. Besides that, as 
SiC increased in samples with AZ, the flexural strength increased because of the reduction of porosity and the ZrB2 matrix 
grain size. Micro hardness of the composites varied significantly with initial ZrB2 particle size. For samples prepared with 
AZ, the average micro hardness value was around 12.5 GPa, regardless of SiC amount. For samples prepared with MZ, the 
average micro hardness was 17.5 GPa.
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Figure 9 shows the oxidation resistance through specific mass gain as a function of SiC content. Samples processed with AZ 
and MZ were oxidized in two long-term thermal treatment in stagnant air: 1100 °C/4h and 1400 °C/1h. The starting size of the 

Figure 8. Flexural strength and micro hardness as a function of SiC content of ZrB2-SiC composites 
processed with AZ and MZ powder sintered at 2050 °C/1h.

Figure 9. Specific mass gain of ZrB2-SiC composites as function of SiC content after oxidation at 1100 °C/4h and at 
1400 °C/1h. Composites processed with different ZrB2 particle size.
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ZrB2 powder modified the composites oxidation behavior. Samples sintered with MZ presented lower oxidation than sintered with 
AZ for both thermal oxidation treatments. However, the difference in mass gain between samples with different starting particle 
size decreased as the SiC content increased. For samples prepared with AZ, the mass gain at 1400 °C/1h decreased from 37.4 to 
6.0 mg/cm2 as SiC concentration increased from 0 to 30 vol%. While for specimens prepared from MZ, the mass gain at 
1400 °C/1h decreased from 14.4 mg/cm2, which is less than a half of the value determined to AZ composite, to 5.3 mg/cm2 

as SiC concentration increased from 3.7 to 32.6 vol%. The same effect was observed for samples oxidized at 1100 °C/4h. 
This effect could be explained by the porosity and the larger ZrB2 grain size of samples sintered with AZ powder.

The increase in SiC content decreased de ZrB2-SiC composite oxidation for both thermal cycles, although 
oxidation was more severe at 1400 °C/1h than at 1100 °C/4h. These results can be explained by the ZrB2 and SiC oxidation 
behavior and mechanisms. Below 1200 °C, ZrB2-SiC composites behave like pure ZrB2, since they undergo oxidation more 
quickly than SiC, thus giving a passive B2O3 glassy surface layer and forming a porous ZrO2 crystalline solid 
(Eq. 3). This effect could be observed in samples prepared with MZ oxidized at 1100 °C/4h, which showed little difference 
in oxidation with the increasing in SiC content. MZ composite had mass gain of 2.9 mg/cm2 for 3.7 vol% SiC and 
1.3 mg/cm2 for sample with 32.6 vol% SiC (Fig. 9). On the other hand, composites with AZ oxidized at 1100 °C showed 
a more pronounced decrease in mass gain with the increase in SiC content varying from 21.5 mg/cm2 for pure AZ to 
1.6 mg/cm2 for AZ-30SiC. The high porosity of AZ samples exposes a higher specific surface area to react with the oxygen, 
increasing this way the amount of mass gain. As SiC increased, the AZ samples porosity decreased and consequently the 
mass gain decreased:

ZrB2(s) + 5/2 O2(g) → ZrO2(s) + B2O3(s,l)

As temperature increases, the liquid B2O3 layer evaporates leaving an exposed porous ZrO2, which does not protect the 
underlying ZrB2 from oxidation (Fahrenholtz and Hilmas 2012). The addition of SiC improves the oxidation resistance of ZrB2 
at 1100 °C and above by the formation of a borosilicate glass closing the pores and covering the exposed surface, according to 
the following reaction (Eq. 4):

SiC(s) + 3/2 O2(g) → SiO2(s) + CO(g)

The silica-rich layer formed is refractory and then provides resistance to oxygen diffusion, protecting the composite 
from further oxidation effectively up to at least ~1500 °C.

XRD was used to detect the phases of the oxidation products on the sample surface. Figure 10 shows the diffraction 
pattern of the sample MZ-30SiC oxidized at 1100 °C/4h and at 1400 °C/1h. The major peaks in both XRD patterns 
can be indexed to monoclinic ZrO2 (powder diffraction file (PDF) card number 01-080-0966). ZrO2 peaks intensity is 
significantly higher in sample oxidized at 1100 °C/4h. B2O3 crystalline phase is identified in sample oxidized at 1100 °C/4h, 
while sample oxidized at 1400 °C/1h shows an amorphous hallo, probably formed from the borosilicate glassy 
phase. XRD of oxidized AZ-10SiC and AZ-20SiC showed similar diffractogram patterns of AZ-30SiC for both heat 
treatments.

Figure 11 shows SEM backscattered electron images of the polished surface of AZ-30SiC composites oxidized in 
stagnant air atmosphere at 1100 °C/4h (Fig. 11a) and at 1400 °C/1h (Fig. 11b). Small ZrO2 crystals are observed on the 
ZrB2 grains after oxidation at 1100 °C/4h. Oxidation at 1400 °C/1h leads to dendritic crystals growth of ZrO2, which 
are partially embedded in the borosilicate glass. The SEM observations are in accordance with the XRD results, where 
ZrO2 and B2O3 were identified in sample oxidized at 1100 °C, while smaller intensity peaks of ZrO2 and a glassy phase 
were identified in sample oxidized at 1400 °C. SEM images of the oxidized MZ-30SiC showed the same microstructure 
observed for AZ-30SiC composites.

(3)

(4)
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CONCLUSION

Ultra high temperature ceramics of ZrB2-SiC composites were produced by pressureless sintering using ZrB2 powders with 
two different particle size distributions, as-received (AZ) and after-planetary milling (MZ). The high-energy milling promoted a 
significant reduction of ZrB2 particle powder, from 14.2 µm for as-received to 2.6 µm after-planetary milling with 5:1 BPR. This 
powder presented 1.22 wt% of oxygen compared to 0.4 wt% of the AZ powder and 2.0 wt% of SiC media contamination. However, 
the reduction of ZrB2 particle size led to better results of densification, mechanical properties and oxidation resistance of the 
MZ-SiC composites compared to AZ-SiC composites. Increasing SiC content in the composites promoted a reduction in ZrB2 grain 
size for both set of composites.  The SiC addition to the MZ powder did not promote significant improvement in relative density 
and mechanical properties with relative density of 91.1 ± 0.4 and 93.0 ± 0.5 %TD, for lower and higher SiC content, respectively. 

(a) (b)

Figure 10. XRD patterns of MZ-30SiC composite oxidized at 1100°C/4h and 1400 °C/1h.

Figure 11. SEM images of the surface of AZ-30SiC composite after oxidation: (a) 1100 °C/4h; (b) 1400 °C/1h.
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Composites prepared with MZ showed the highest flexural strength (268 ± 18 MPa) and micro hardness (18 ± 1 GPa). On the 
other hand, composites with AZ powder presented an increasing in relative density and flexural strength with increasing in SiC 
addition. X-ray diffraction analysis of ZrB2-SiC composites identified, besides ZrB2 crystalline phase, the corresponding phases of 
the 4H and 6H α-SiC polytypes. The increase in SiC content decreased the ZrB2-SiC composite oxidation for both thermal cycles, 
although oxidation was more severe at 1400 °C/1h than at 1100 °C/4h. Small ZrO2 crystals were observed on the ZrB2 grains after 
oxidation at 1100 °C/4h, and dendritic crystals growth of ZrO2 partially embedded in the borosilicate glass were observed on 
sample oxidized at 1400 °C/1h. These findings could also be confirmed from the XRD analysis of the oxidized surface.
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