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All micrographs show fracture surfaces with a transgranular aspect and a significant reduction of ZrB, grain size with increasing
SiC content. The growth of the ZrB, matrix grains is probably inhibited by SiC particles by pinning of the ZrB, grain boundaries
during sintering. Moreover, the grain growth is also restricting by the removal of intergranular oxide impurities as B,O, with

reaction with SiC, as shown in the following reaction (Eq. 2) (Zhang et al. 2008).
SiC (s) + 6 B,O, (1) > 7 SiO, (s) + 3 B,C (s) + 4CO(g) )

The morphology of ZrB, grains is equiaxed, while SiC grains appear to be elongated (Fig. 7). The platelet SiC grain morphology
is result of the very fine SiC particle size starting powder and can be explained using the percolation theory (Zhang et al. 2008).
Besides, _-SiC phase transformation with the associated platelet like grains morphology can also improve mechanical properties

such as fracture toughness.

AZ MZ
(@) (b)
(©) (d)
() (f)

Figure 7. SEM (BSE) images depicting the microstructures of the ZrB,-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 ZrB, without 3-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 ZrB, 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 ZrB, matrix
grain size. Micro hardness of the composites varied significantly with initial ZrB, 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 8. Flexural strength and micro hardness as a function of SiC content of ZrB,-SiC composites
processed with AZ and MZ powder sintered at 2050 °C/1h.

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
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Figure 9. Specific mass gain of ZrB,-SiC composites as function of SiC content after oxidation at 1100 °C/4h and at
1400 °C/1h. Composites processed with different ZrB, particle size.
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ZrB, 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/cm? 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/cm?, which is less than a half of the value determined to AZ composite, to 5.3 mg/cm?
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 ZrB, grain size of samples sintered with AZ powder.

The increase in SiC content decreased de ZrB,-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 ZrB, and SiC oxidation
behavior and mechanisms. Below 1200 °C, ZrB,-SiC composites behave like pure ZrB., since they undergo oxidation more
quickly than SiC, thus giving a passive B,O, glassy surface layer and forming a porous ZrO, 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/cm? for 3.7 vol% SiC and
1.3 mg/cm? 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/cm? for pure AZ to
1.6 mg/cm? 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:
ZrB,(s) + 5/2 O,(g) > ZrO(s) + B,O,(s)]) ®)

As temperature increases, the liquid B,O, layer evaporates leaving an exposed porous ZrO,, which does not protect the
underlying ZrB, from oxidation (Fahrenholtz and Hilmas 2012). The addition of SiC improves the oxidation resistance of ZrB,
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 O,(g) > SiO,(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 ZrO, (powder diffraction file (PDF) card number 01-080-0966). ZrO, peaks intensity is
significantly higher in sample oxidized at 1100 °C/4h. B,O, 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 ZrO, crystals are observed on the
ZrB, grains after oxidation at 1100 °C/4h. Oxidation at 1400 °C/1h leads to dendritic crystals growth of ZrO,, which
are partially embedded in the borosilicate glass. The SEM observations are in accordance with the XRD results, where
ZrO, and B,0O, were identified in sample oxidized at 1100 °C, while smaller intensity peaks of ZrO, 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.
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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.

CONCLUSION

Ultra high temperature ceramics of ZrB,-SiC composites were produced by pressureless sintering using ZrB, powders with
two different particle size distributions, as-received (AZ) and after-planetary milling (MZ). The high-energy milling promoted a
significant reduction of ZrB, particle powder, from 14.2 um for as-received to 2.6 um 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 ZrB, 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 ZrB, 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.
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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 ZrB,-SiC composites identified, besides ZrB, crystalline phase, the corresponding phases of
the 4H and 6H a-SiC polytypes. The increase in SiC content decreased the ZrB,-SiC composite oxidation for both thermal cycles,
although oxidation was more severe at 1400 °C/1h than at 1100 °C/4h. Small ZrO, crystals were observed on the ZrB, grains after
oxidation at 1100 °C/4h, and dendritic crystals growth of ZrO, 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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