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Abstract. The successful implementation of hypersonic vehicles and evolution of space capsules used at the atmospheric 

reentry, relies on the deep understanding of aerothermodynamic load effect on the new class of materials called ultra-

high temp ceramic (UHTC). This approach demands experimental data of ablation resistance of UHTC materials under 

hypersonic regime, which is rarely discussed in the literature. For this reason, the present study aims to investigate the 

degradation mechanism of ZrB2-SiC based materials, tested in a plasma wind tunnel, capable of generating a hypersonic 

plasma jet and simulating the reentry atmosphere conditions. The air plasma jet used to promote the ablative 

environment has thermal flux of 1.7 MW/m2, average enthalpy of 18.5 MJ / kg and Mach number 5. The effect of ablative 

environment at hypersonic flow on the microstructure of ZrB2-SiC, with different SiC percentage in volume (10, 20 and 

30%) were discussed through the results obtained from the XRD, SEM and EDS analysis. 
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1. INTRODUCTION 

 

During the process of re-entry into the atmosphere, a manned or unmanned spacecraft at hypersonic speed undergoes 

a marked deceleration process in relation to the atmosphere. The high kinetic energy of this movement generates intense 

shock waves and high heat fluxes on the surface of aerospace vehicles (Bletzinger et al., 2005, Kuo et al., 2001). The 

material used as thermal protection system must be able to withstand environmental conditions and dissipate the flow of 

heating energy. Ultra-High Temperature (UHTC) ceramics are currently the most widely used materials in Thermal 

Protection Systems (TPS) because of their superior thermal and ablative properties compared to conventional materials 

(Fahrenholtz et al., 2014). Some UHTCs used in TPS have adaptive capacity when subjected to intense thermal flow, 

such as those applied in hypersonic aerospace vehicles or reusable atmospheric reentry vehicles (Schwartz, 2007). This 

composite material combines essential qualities such as: high melting temperature, oxidation resistant and good chemical 

inertia (Fahrenholtz, 2014, Parthasarathy et al., 2013). Even in these materials loss of mass and dimensions are expected 

when subjected to plasma oxidation and ablation processes. These processes involve a series of reaction products, which 

are dependent on: ambient pressure, plasma jet velocity and temperature, enthalpy, thermal flow, maximum stagnation 

pressure, material properties and ablation by-products (Kaiser et al., 2008, Parthasarathy et al., 2013). 

Although there are many studies related to the oxidation, ablation and general properties of UHTC ZrB2-SiC, in most 

cases the tests are performed at low speeds and / or Mach number, making it impossible to analyze the actual application 

conditions that are proposed for these class of materials. In atmospheric reentry, the vehicle can reach hypersonic 

velocities (Mach > 4), this condition has particular characteristics as: direct effects of continuous and turbulent flow, and 

increase of Mach number; these effects become progressively more intense, such as the effects of high temperatures, 

viscous interaction, thin-shock wave layers and entropy layer (Anderson, 2006, Mungiguerra et al., 2019, Bertin, 1994). 

If necessary, a system capable of simulating the pressure, hypersonic velocity and plasma / material interaction that occurs 

during atmospheric reentry. Therefore, the objective of this work is to investigate the ablation and microstructural 

properties of the ZrB2-SiC samples, considering the SiC variation in volume (10, 20 and 30%), under ablative conditions 

generated by the Wind Plasma Tunnel pressure (216 Pa), which is equipped with a thermal plasma torch, with hypersonic 

plasma jet (Mach 5) and a continuous and turbulent flow (Re ~ 1×10^5). The air plasma jet generates a plasma jet with a 

thermal flow of 1.7 (MW / m2) and an average enthalpy of 18.5 (MJ / kg). This system makes it possible to simulate 

atmospheric reentry conditions and provide facilities to evaluate the ablative, thermal and microstructural properties of 

thermal protection materials. To investigate the changes in the composite material after the ablative tests, the morphology 

and chemical composition of the surfaces and cross-sections of each sample were studied by MEV / EDS and the 

crystalline phases of the materials were identified by XRD, this set of results are discussed and correlated with mass loss, 

by-product formation due to oxidation mechanisms and ablation rate. 

 

2. MATERIALS AND METHODS 
 

2.1. Preparation of ZrB2-SiC composites 

 

In this work the ZrB2 and β-SiC powders were used with raw materials. Coarse powder of ZrB2 was obtained from 

the ESK (Elektroschmelzwerk Kempten-Germany) and fine β-SiC powder, BF-12 grade (H.C. Starck-Germany), with 

equivalent diameter the 0.9 μm and 11.9 μm for SiC and ZrB2, respectively. The particle size distributions were measured 

by laser diffraction (Malvern- Mastersizer 2000). The powder mixtures were prepared by planetary milling in isopropanol 

using a polyethylene container and silicon carbide spheres. The weight ratio of powders to SiC media was about 1:2 and 

the mixture time was 4 h. Three different composites were prepared with SiC concentration of 10, 20 and 30 vol% (ZS10, 

ZS20 and ZS30), respectively. The powder mixtures were prepared by planetary grinding in isopropanol using a 

polyethylene vessel and silicon carbide beads. The weight ratio of powders to the SiC medium was about 1: 2 and the 

mixing time was 4 h. After drying and sieving, the blends were pressed uniaxially into samples in the cylindrical format 

20 mm in diameter and 5 mm thick and then subjected to cold isostatic pressing at 300 MPa. The samples passed through 

the sintering process, performed at IAE (Institute of Aeronautics and Space) (Juliani et al., 2015). 

 

2.2. Plasma Wind Tunnel  

 

The experimental apparatus, Figure 1 is composed by a stainless-steel vacuum chamber (3 m3); vacuum system with 

two stage rotary pumps (160 m3/h) connected to a booster roots (500 m3/h); pressure sensors and gas lines (oxygen, 

nitrogen, argon, hydrogen) with mass flow. Through a programmable controller connected to a valve it is possible to 

automatically adjust the pumping speed, keeping the constant pressure 216 Pa inside of the vacuum chamber, for small 

variations in the injected gas flow.  
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Figure 1. Schematic diagram of the experimental apparatus. 

 

The system has a non-transferred arc plasma torch, which operates with direct current (DC), cooled internally through 

the forced water circulation. A divergent-convergent nozzle is coupled to the plasma torch, which allows the operation 

with hypersonic plasma jet (Mach 5). Figure 2 shows the schematic drawing of the plasma torch and sample holder 

arrangement with a max capacity of 8 samples. The sample holder has freedom rotation (360º), allowing changing the 

sample for execution of 8 sequential tests.  

 

 
 

Figure 2. Schematic drawing of the plasma torch and sample holder arrangement. 

 

2.3. Ablation tests 

 

The ablation tests were performed with the air working gas flow rate of 20 l/min. The operating parameters of the 

plasma torch were fixed at the current and voltage of 110 A and 340 V, respectively. These operational parameters 

generate a hypersonic plasma jet with thermal flux of 1,7 (MW / m2) and average enthalpy of 18.5 (MJ / kg). The samples 

(ZS10, ZS20 and ZS30) were exposed to the plasma jet during 40s, maintained at the fixed stand-off distance of 85 mm. 
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Measurements of temperatures on sample surfaces were performed using an infrared pyrometer, Pyrofiber Lab. The mass 

and thickness of each sample were measured before and after the ablation test.  

 

2.4. Oxidation Mechanism 

 

When materials are subjected to the plasma oxidation and ablation processes, occurs the reduction of the dimensions 

and this process involves a series of reaction products, which are dependent of: environment pressure, plasma jet velocity 

and temperature, enthalpy, thermal flux, properties of the material used and the ablation by-products (Kaiser, 2007; 

Parthasarathy, 2013). The understandings of the oxidation mechanism, which may be passive or active, has a fundamental 

importance when considering applications under hypersonic flow. Under active oxidation mechanism of ZrB2-SiC 

composite, the formation of a protective layer of SiO2 on the surface is aborted forming only volatile gases of B2O3, BO2, 

B2O, SiO and CO, resulting in a fast consumption, as shown by the reactions (1-4).  

 

𝑍𝑟𝐵2(𝑠) +
5

2
 𝑂2(𝑔) →  𝑍𝑟𝑂2(𝑠) + 𝐵2𝑂3(𝑔)                                      (1) 

 

𝑍𝑟𝐵2(𝑠) + 3 𝑂2(𝑔) →  𝑍𝑟𝑂2(𝑠) +  2𝐵𝑂2(𝑔)                                     (2) 

 

𝑍𝑟𝐵2(𝑠) +
3

2
 𝑂2(𝑔) →  𝑍𝑟𝑂2(𝑠) + 𝐵2𝑂(𝑔)                                       (3) 

 

𝑆𝑖𝐶(𝑠) + 2 𝑆𝑖𝑂2(𝑔) →  3 𝑆𝑖𝑂(𝑔) +  𝐶𝑂(𝑔)                                         (4) 

 

The other oxidation mechanism, called "passive", chemical reaction equations (5-7) occurs preferably at lower 

temperatures and higher partial pressures of oxidant. In this regime the formation of a stable layer of SiO2 on the surface 

allows the reduction of the diffusion of oxidants for the UHTC ceramics and consequently also reducing the mass loss 

rate (Wang, 2017; Zhang, 2008). 

 

𝑆𝑖𝐶(𝑠) +
3

2
 𝑂2(𝑔) →  𝑆𝑖𝑂2(𝑠) +  𝐶𝑂(𝑔)                                            (5) 

 

𝑆𝑖𝑂(𝑔) + 𝑂2(𝑔) →  2 𝑆𝑖𝑂2(𝑙)                                                           (6) 

 

𝑍𝑟𝑂2(𝑠) + 𝑆𝑖𝑂2(𝑙) →  𝑍𝑟𝑆𝑖𝑂4(𝑠)                                                    (7) 

 

Fahrenholtz et al proposed a thermodynamic analysis of ZrB2–SiC oxidation in air at temperatures about 1500oC. The 

main objective of this study was to evaluate the effect of oxidants in a partial pressure on the formation of a SiC-depleted 

layer, due to active oxidation of SiC. The oxidation of ZrB2–SiC was analyzed using volatility diagrams for ZrB2 and 

SiC, in order to evaluating the formation of SiO (g), SiO2 (l), ZrO2 (s), ZrSiO4 and B2O3 (g). The formation of ZrSiO4 in 

ZrB2-SiC based composite materials submitted to ablation and oxidation processes is desirable, because it is an oxide 

with higher mechanical and thermal stability, which are desired properties of materials applied in thermal protection 

systems.  

 

2.5. Microstructural properties 

 

The crystalline structures of the samples were investigated by X-ray diffraction (XRD) using an Empyrean 

diffractometer (Panalytical), with a step size of 0.013°, with a 2θ interval of 15-100°. The microstructure of the surface 

and cross-section were observed using a scanning electron microscope (SEM) Vega 3 XMU (Tescan). Cross-sections of 

the samples were prepared following standard metallographic procedures. 

 

3. RESULTS AND DISCUSSIONS 

 

3.1.Microstructural and morphological analysis 

 

Micrographs of samples ZS10, ZS20 and ZS30, before and after the ablation tests, are presented in Figure 3. The 

samples before the ablation tests show intact and well-defined regions, as in the micrograph of sample ZS10 Figure 3(A), 

where it is possible to identify grains of ZrB2 with an average diameter of 18 microns and the presence of SiC at the grain 

boundaries. Figure 3(C), referring to sample ZS20, shows an increase in SiC composition at the grain boundaries and the 

microstructure assumes a bimodal architecture, and a similar behavior is observed for sample ZS30 by Figure 3(E). This 

fact is also qualitatively observed in the X-ray diffractogram shown in Figure 4 (A). The peaks at 2θ position 25°, 32°, 
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41°, 58°, 74° corresponding to the hexagonal ZrB2 crystal structure have constant intensities, whereas the increase of 2θ 

peaks at 35°, 35°, 60° of samples ZS20 and ZS30 indicate the increase of SiC in the composition. 

In the micrographs of Figure 3(B), 3(D) and 3(F) significant changes on the morphology of sample surfaces are 

observed after ablation tests. The study of the ablative resistance of UHTC exposed to hypersonic plasma jet takes in 

consideration the enhanced degradation caused by the shock waves and forced convection process, where the energy and 

air mass transport causes changes and discontinuous effects on the pressure, temperature and density of the plasma jet 

towards the surface of the samples. A superficial fluidity behavior can be observed on the as-ablated sample surfaces. In 

the Figure 3(B) e 3(F), one can observe the presence of a colony structure-like of ZrO2 on the surface of the samples and 

a bubble formation due to the SiO2 formation, which became volatile due to the active oxidation mechanism, favoring the 

chemical reactions (1), (2) and (3) (see section 2.4) that form ZrO2 fragile layer on the surface of samples and B2O3, BO2 

and B2O in gaseous form. The result of this active oxidation process is the formation of oxide layer with low thermal 

resistance and highly volatile gaseous materials due to the low SiC composition in the ZS10 samples. The formation of 

this oxide layer is substantiated by the X-ray diffraction results in Fig. 4(B) where it presents characteristic 2θ peaks for 

the formation of monoclinic ZrO2. Fig. 3(D) illustrates the different behavior of ZS20 samples in comparison to sample 

ZS10. In this case the formation of bubbles is more intense showing that greater oxygen diffusion associated with a highly 

reactive environment, favoring chemical reactions (5), (6), (7). 

 

 
 

Figure 3. (a), (c), (e) shows samples ZS10, ZS20 and ZS30, respectively, before the ablation tests. The micrographs 

(b), (d) and (f) present the samples ZS10, ZS20 and ZS30, respectively, after the ablation test. 
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In the sample ZS10 is shown the result of the active oxidation process, which forms an oxide layer with low ablative 

resistance and highly volatile gaseous materials due to the low SiC composition. Once the volatilization process take 

place, the enhanced mass transfer promoted by the hypersonic plasma jet will likely accelerate the ablation process. Figure 

3(D) illustrates the different behavior of ZS20 in comparison to ZS10. In this case the formation of bubbles are more 

intense, as a result of the higher oxygen diffusion associated with a highly reactive environment, favoring by the passive 

oxidation mechanism. This mechanism occurs preferably at lower temperatures and higher partial pressures of oxidant. 

This condition enhances the oxidation process from SiC to SiO2, CO and boron oxidation to B2O / BO2 highly volatile, 

where the remaining composition is based on the ZrO2 and SiO2. In this regime after the formation of an oxide layer on 

the surface, occurs the reduction in the diffusion of oxidants and temperature in deep layers of the sample; which 

consequently reducing the rate of mass loss 

Figure 4 shows X-ray diffractograms, highlighting the formation of oxide phases on the surface of the ZS20, formed 

by means of the passive oxidation mechanism.  

 

 

 

Figure 4. XRD patterns of ZS10, ZS20 and ZS30 samples (A) before ablation test and (B) after ablation test. 
 

The formation of ZrO2 and a glass layer of SiO2, which occur during the passive oxidation on the surface of the sample 

ZS20, can be observed in Figure 4(B). A passivation layer with high thermal resistance is formed, where SiO2 is located 

closer to the surface and ZrO2 in the inner layers, creating a region of interface between layers of high thermal resistance 

and a specific transition region with formation of zirconium silicate (ZrSiO4), not found in the characterizations of sample 

ZS10. The formation of ZrSiO4 is due to the oxidation of ZrB2-SiC in a high temperature and high oxygen diffusion 

environment, forming a ZrO2-SiO2 pseudo-binary oxide system. To understand the formation of the zirconium silicate, 

we can analyze the X-ray diffractogram of Figure 4(A) obtained on the surface of the ZS20 samples when subjected to 

the ablation test. Under these conditions the presence of crystalline phases of monoclinic ZrO2 along with the formation 

of tetragonal SiO2, as represented in the Figure 4(B). On the other hand, the XRD results does not indicate the presence 

of carbide phases, and this is because when exposed directly to the air plasma jet with high oxygen concentration, it leads 

to the formation of SiO2 and the formation of CO from the oxidation of the SiC. 
 

4.CONCLUSION 

 

The samples of ZrB2-SiC with variation in SiC concentration in 10, 20 and 30 %vol were submitted to the ablation 

test using a hypersonic plasma torch (Mach ≅ 5) with thermal flux of 1,7 (MW / m2) and average enthalpy of 18.5 (MJ / 

kg) and T = 1930 ℃ installed in a plasma tunnel. The results of the ablation tests show that the ZS10 and ZS30 samples 

undergo active oxidation, forming surface based on ZrO2 and creating regions with mass loss and wear. The results of the 

ablation tests show that the ZS10 and ZS30 samples undergo to the active oxidation, forming ZrO2 oxide, which is an 

unstable and fragile oxide and not withstand the drag force of the hypersonic plasma jet, causing an accentuated loss of 

mass. For the ZS20, passive oxidation occurred, and the reactions in this mechanism favors the formation of passivation 

layer of 𝑍𝑟𝑆𝑖𝑂4. The formation of ZrSiO4, which is a stable oxide, promotes a mechanical resistance and consequently 

low ablation rate. In the opposite way, observed in the ZS10 and ZS30, which had loss of mass, the ZS20 sample obtained 

a gain of mass. These results can be associated to the variation of SiC composition, demonstrate that there is an ideal 

proportion of ZrB2 and SiC, which influence in the mechanisms of formation of these oxides. For this study, the better 

ablative resistance was obtained in the sample fabricated with 20 %vol SiC. 
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