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Abstract: Ultra-high-temperature ceramic matrix composites (UHTCMCs) based on a ZrB2/SiC 
matrix have been investigated for the fabrication of reusable nozzles for propulsion. Three de Laval 
nozzle prototypes, obtained by sintering with either hot pressing (HP) or spark plasma sintering (SPS), 
were tested 2–3 times in a hybrid rocket motor for proving reusability. Sections were extracted after 
oxidation tests to study the microstructural changes and oxidative and thermomechanical stresses 
induced by the repeated tests. Compared to a reference graphite nozzle, no measurable erosion was 
observed for the UHTCMC-based nozzles. The oxidation mechanism consisted in the formation of a 
ZrO2 intermediate layer, with a liquid silicon oxide (SiO2) layer on the surface that was displaced by 
the action of the gas flux towards the divergent part of the nozzle, protecting it from further oxidation. 
Both specimens obtained by HP and SPS displayed similar performance, with very slight differences, 
which were attributed to small changes in porosity. These tests demonstrated the capability of complex- 
shaped prototypes made of the developed UHTCMCs to survive repeated exposure to environments 
representative of a realistic space propulsion application, for overall operating time up to 30 s, without 
any failure nor measurable erosion, making a promising step towards the development of reusable 
rocket components.  

Keywords: ultra-high-temperature ceramics (UHTCs); ceramic matrix composites (CMCs); propulsion; 
oxidation resistance; nozzle prototypes  

 

1  Introduction 

Reusability is considered the key breakthrough needed 
to reduce the cost of access to space. It is now estimated  
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that reusable launch systems (RLSs) or reusable launch 
vehicles (RLVs) should reduce manufacturing costs by 
about 30% [1], by limiting the cost of refurbishing. 
According to Space X philosophy, reusable rockets 
will enable people to live on other planets. Reusability 
of complex systems implies that materials facing high- 
enthalpy fluxes, thermal shock, unsteady vibrations 
and shock waves, and extreme heat transfer and surface 
pressures must be able to self-protect/self-heal with 
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no/negligible consumption. Two typical environments, 
where materials are exposed to such harsh conditions, 
are propulsion and re-entry. During re-entry in an 
atmosphere from interplanetary missions, thermal 
protections for vehicles flying at Mach number = 5 or 
above must withstand extreme temperatures, due to the 
impact with the atmosphere and the aggressive action 
of dissociated oxygen and nitrogen [2]. Inside rocket 
engines, the inner surface of the exhaust nozzle, where 
the propellant is accelerated to supersonic conditions, is 
exposed to the highest shear stress, pressure, and heat 
flux among all the motor components, coupled with a 
chemically aggressive environment [3]. The combination 
of extremely harsh thermo-fluid-dynamic and chemical 
conditions achieved inside the combustion chamber 
and through the exhaust nozzle of rocket engine sets 
demanding requirements for advanced materials. These 
harsh conditions usually lead to material erosion and 
nozzle throat section increase with a consequent 
decrease of the combustion chamber pressure and 
detrimental effects over the motor operation and 
performance [4,5]. 

Nowadays, available C/SiC materials can withstand 
severe conditions at a high temperature (around 1500 ℃), 
owing to the introduction of ceramic thermal barrier 
coatings (TBCs), resulting in extraordinary efficiency 
and performance gains [6–9]. Above this temperature, 
however, new materials must be designed and 
developed. Interesting advances have been done in the 
study of C/C composites protected by ultra-high- 
temperature ceramic (UHTC) coatings with high thermal 
conductivity, kth [10], but coatings suffer from coefficient 
of thermal expansion (CTE, α) mismatch with the 
underlying material already in the as-fabricated material, 
and spalling is one major drawback of this technology. 
For this reason, the scientific community is devoting a 
considerable effort in the development of a new class of 
materials, called the ultra-high-temperature ceramic 
matrix composites (UHTCMCs). UHTCMCs arise 
from the combination of UHTCs (e.g., borides and 
carbides of early transition metals) and carbon fibers 
(Cf) [11,12]. The same material has twofold functions:  

(1) In the bulk, fibers provide the structural stability 
and damage tolerance to the components [13–15]. 

(2) In the surface, the matrix provides protection for 
the fibers, forming a protective layer upon exposure to 
aggressive environments [16] without the use of an 
external coating. Through an appropriate composite 
design, UHTCMCs can be used in the production of 

near-zero erosion nozzles, and near-zero ablation TPS 
tiles up to unprecedented levels, e.g., for temperatures 
> 1800 ℃ [17–19]. Different techniques are currently 
in use for the production of UHTCMCs, most of them 
relying on the same techniques used for conventional 
CMCs and requiring the use of expensive fiber 
coatings. PIP-based materials have excellent damage 
tolerance [20–23] and enhanced properties but lower 
high-temperature resistance (above 1600 ℃) due to 
high contents of SiC-based phases [22,24–26]. Chemical 
vapour infiltration (CVI) composites have the highest 
mechanical properties [22,24,25,27–29], but processing is 
quite time-consuming because they require the use of 
gaseous precursors of C and SiC as raw materials 
[30–32]. Liquid silicon infiltration and its evolution in 
reactive metal infiltration pose the problem of coating 
to protect the Cf preform from reaction with the molten 
metal and of residual unreacted metal, which could 
worsen the mechanical and oxidation resistance [33–35]. 

We have proposed a different approach, where the C 
preforms are perfectly and homogeneously integrated 
into an ultra-refractory-sintered ceramic matrix. Neither 
coating nor external TBC is applied to the fiber. This 
approach was widely developed during the European 
Union (EU) project C3HARME [36,37]. Sintering of 
these UHTCMCs through methods typical of bulk 
ceramic science (e.g., hot pressing (HP) and spark 
plasma sintering (SPS) [38]) is the key processing step 
that distinguishes these non-oxide/Cf composites from 
their predecessors [39]. The chosen ceramic matrix 
consists of ZrB2 with the addition of 10% SiC. ZrB2 is 
the most appealing choice among borides because of 
its lower density and cost, coupled with a melting point 
above 3000 ℃, high thermal conductivity, and good 
high-temperature strength [40]. SiC was added as the 
sintering aid and also to promote the formation of a 
silica-based glass under oxidation, which improves the 
oxidation resistance of the boride matrix [41]. Reference 
[42] has demonstrated that these composites can be 
efficiently scaled-up without significant variations of 
microstructure and thermomechanical properties and 
indistinctly processed by either HP or SPS. 

In this work, an extensive campaign of propulsion 
tests on UHTCMC nozzles was carried out, including 
three de Laval nozzle prototypes, each tested 2–3 times 
in a hybrid rocket motor for proving reusability. All the 
nozzles were machined from HPed and SPSed UHTCMCs. 
Sections were extracted after reusability tests to 
analyze the microstructural changes and oxidative and 
thermomechanical stresses induced by repeated tests. 
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2  Materials and methods 

2. 1  Material preparation 

The following raw materials were used: ZrB2 (Grade B, 
H.C. Starck, Germany), specific surface area: 1.0 m2/g, 
particle size range: 0.5–6 µm, impurities (wt%): 0.25 C, 
2.00 O, 0.25 N, 0.10 Fe, and 0.20 Hf; α-SiC (Grade 
UF-25, H.C. Starck, Germany), specific surface area: 
23–26 m2/g, D50: 0.45 µm; and commercial high- 
modulus pitch-derived Cf preforms (TCU312 supplier, 
Angeloni S.r.l., Italy). For the matrix of UHTCMCs, 
ZrB2/SiC powder mixtures were prepared by wet ball 
milling and drying. With these mixtures, water-based 
slurries were prepared using polyacrylates at different 
molecular weights as dispersants to adjust the fiber 
volumetric amount [37,43]. The composites were 
fabricated by infiltrating the fabrics with the slurries 
with subsequent stacking in a predefined sequence and 
sintering by HP or SPS at temperatures between 1800 
and  1930  ℃  under  30  MPa  p ressu re .  The 
microstructures were analyzed on polished and 
fractured surfaces by the field emission scanning electron 
microscope (FE-SEM; Sigma NTS GmbH, Carl Zeiss, 
Öberkochen, Germany) and energy dispersive X-ray 
spectrometer (EDS; INCA Energy 300, Oxford instruments, 
Oxford, UK). After sintering, the bulk density was 
determined by the Archimedes’ method. The relative  
 

density, ρ, was calculated as the ratio of experimental 
to theoretical value, and the residual porosity was 
obtained as (1−ρ). The theoretical densities of the 
materials were calculated using the rule of mixture on 
the basis of the starting compositions. The densified 
UHTCMCs were machined to the final shape, according 
to the sketches presented in Fig. 1. Three samples were 
produced and were labelled as HP-2, HP-3, and SPS-2, 
where the first letters identify the sintering method (HP 
or SPS), and the number identifies the number of times 
the sample tested. 

2. 2  Propulsion tests 

The test facility is a versatile experimental setup 
primarily designed for firing hybrid rocket engines of 
several sizes [44]. The equipment includes a test rig 
and a general-purpose data acquisition system, which 
allows performing several types of tests. Gaseous 
oxygen was supplied by a reservoir of six cylinders; 
the operating pressure along the motor feed line was 
set by means of an electronically controlled pressure 
valve (ER3000, TESCOM). The oxygen mass flow 
rate was evaluated through gas temperature and 
pressure measurements upstream of the throat of a 
chocked Venturi tube. Nitrogen was purged into the 
chamber for the burn out and in case of an emergency 
shutdown. 

 

 
 

Fig. 1  Schematics of (a) testing chamber, (b) nozzle profile (unit: mm), and (c) nozzle prototype. 
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The 200-N class hybrid rocket employed in this 
study, mounted on the test bench, is depicted in Fig. 1. 
The rocket has an axisymmetric combustion chamber, 
with 350-mm length and 69-mm inner diameter. The 
motor forward closure accommodates a converging 
nozzle injector, whose exit-section diameter is 6 mm. 

For the present work, gaseous oxygen was employed 
as the oxidizer, while a cylindrical grain of solid 
high-density polyethylene (HDPE) was the fuel. The 
grain length was 220 mm, and its initial port diameter 
was 15 mm, with a subsequent increase during burning 
because of solid fuel consumption. A nominal oxidizer 
mass flow rate of 40 g/s was chosen. The fuel mass 
loss was evaluated by weighting the grain before and 
after test by means of an electronic balance (1 g 
accuracy), and then the time-averaged fuel mass flow 
rate was calculated dividing this value by the effective 
test duration. The oxidizer-to-fuel ratio (O/F) was finally 
obtained as the ratio between oxygen and HDPE mass 
flow rates. Upstream and downstream of the solid grain, 
a dump plenum (25 mm in length and with 44 mm inner 
diameter) and an aft-mixing chamber (58 mm in length 
and with 45 mm inner diameter) were set up, respectively. 
In a typical hybrid rocket test, a graphite converging– 
diverging nozzle with 9.6-mm throat diameter and an 
area expansion ratio equal to 2.99 are employed. In the 
present test campaign, this component was replaced 
with the UHTCMC, having the same dimensions of the 
conventional graphite nozzle. 

The chamber pressure was measured with two 
transducers (C206, Setra), which were set up in the 
prechamber and in the aft-mixing chamber. Furthermore, 
the rocket was supported on the test bench with four 
load cells, which allowed evaluating the motor thrust 
by computing the sum of the loads measured with each 
cell. The analog signals generated by thermocouples, 
pressure transducers, and load cells were sampled at 5 
kHz, digitally converted, processed, and recorded on 
the hard disk by a standard system (PXI Express, 
National Instruments, Austin, USA) interconnected 
with the computer by means of fiber optic connections. 
All the signals were stored in a binary format for post- 
processing and in a text format after downsampling the 
data to 100 Hz with a boxcar average. All diagrams in 
Section 3 show the downsampled data. 

2. 3  Numerical models 

In order to provide a better understanding of test 
conditions on the prototypes, the computational fluid 

dynamic (CFD) simulations of the flow through the 
rocket nozzle were performed, employing as boundary 
conditions of the time-averaged results of a one- 
dimensional (1D) numerical tool for the simulation of 
the conditions in the combustion chamber, described in 
Ref. [45]. The CFD model herein described was 
already successfully employed for the simulation of the 
present hybrid rocket configuration [4,46,47]. To this 
purpose, the Reynolds-averaged Navier–Stokes (RANS) 
equations for single-phase multicomponent turbulent 
reacting flows were solved with a control-volume- 
based technique and a density-based algorithm [48], 
employing the shear stress transport (SST) k–ω model 
as turbulence closure [49]. A detailed analysis of 
thermo-chemical evolution of gas mixture was performed 
in order to have an accurate prediction of heat transfer 
at solid walls. The transport equations for the main 
combustion products (O2, C2H4, H2O, CO2, CO, H2, H, 
O, and OH were the species considered in the current 
model, together with the non-reacting N2) were solved, 
and the eddy dissipation concept (EDC) model [50] 
was employed for the combustion mechanism, which 
accounts for detailed chemical reaction rates in 
turbulent flows. More details about the chemical model 
can be found in Ref. [45]. The discrete ordinate model 
[51] for the radiation was included in the numerical 
modelling. The computational grid for the simulation 
of the flow field through the exhaust nozzle of the 
hybrid rocket is shown in Fig. 2. A pressure inlet 
boundary condition was set on the inlet section of the 
nozzle, imposing the time-averaged values of the total 
pressure, the total temperature, and the chemical  
 

 
 

Fig. 2  Computational domain used for numerical 
simulations of flow field throughout tested nozzles. The 
picture also shows the mesh used for the thermal 
simulation of the nozzle prototype (in dark grey). The red 
circle highlights the area, where the highest heat flux and 
temperature are expected. 
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composition estimated by means of the above-mentioned 
1D model. A supersonic outlet condition was set at the 
exit section. 

Finally, for the thermal analysis of the solid sample, 
the time-dependent temperature field inside the sample 
and its supporting elements were computed solving the 
energy equation in the solid domain. The distribution 
of the thermo-fluid dynamic quantities and the chemical 
compositions in the fluid area near the solid material, 
and subsequently the convective heat flux, are 
influenced by the temperature on the exposed surface 
of the sample. For these reasons, an accurate approach 
is the one considering the interaction between the fluid 
and the materials. The thermal coupling condition was 
set on the interfaces between fluid and solid domains, 
which is temperature and heat flux continuities. Figure 
2 also shows the mesh used for the simulation of the 
solid nozzle (in dark grey). On the top left and central 
vertical walls an adiabatic boundary condition was set 
(since these walls are enclosed within the thermal 
protections of the engine); while for the two remaining 
external surfaces, radiation towards a cold environment 
(T = 300 K) was allowed. Thermodynamic simulations 
were carried out with FactSage 8.0 software. 

2. 4  Post-test characterization 

The nozzle throat diameters were measured before and 
after each test by means of a digital calliper. 

The nozzles were machined after propulsion tests to 
extract portions of the inner profile for inspection. 
These cross sections were analyzed by the optical 
microscope (HIROX), and the frontal part and profile 
of the throats were analyzed by the SEM–EDS. 

3  Results and discussion 

3. 1  Microstructure of as-sintered specimens 

Nozzles were machined from three distinct pellets 
sintered either by HP or SPS. Features of the as produced 
specimens were already presented in Refs. [42,52] and 
were very similar amongst each other. The basic 
microstructures/textures of the samples are reported in 
Fig. 3. The microstructure was nearly fully dense, with 
Cf homogeneously integrated with the ceramic matrix 
(Fig. 3(a)). The density (3.6 g/cm3) was intermediate 
between that of UHTC (6 g/cm3) and of C/SiC 
composite (2 g/cm3). According to the image analysis, 

(1 − ρ) was < 6% for all the specimens (Fig. 3(b)). The 
composites were nearly flawless apart from local 
matrix microcracks with a spacing of 20 µm and a 
thickness below 0.5 µm, transverse to the fiber axis 
[52,53]. These crack patterns developed during cooling 
down from densification because of residual stresses 
arising from thermal expansion mismatch between 
matrix (≈ 7.5×10−6 ℃−1 from room temperature (RT) 
to 800 ℃ [54]) and fiber along its axis (−1.4 at RT and 
1.4×10−6 ℃−1 at 1500 ℃ [55]) [53]. The sintering 
conditions used for the fabrication of these composites 
led to a strong interaction between the fiber and the 
matrix, as evidenced in Fig. 3(c), where small inclusions 
of ZrB2 and SiC can be found embedded in the fiber’s 
surface; these are hypothesized to form from the 
recrystallization of ZrB2 grains and from the carbo- 
thermal reduction of silicon oxide (SiO2) present on 
the starting SiC powders [42]. Although a degradation 
of the fiber mechanical properties cannot be ruled out, 
the bending strength and toughness of the uncoated 
pitch-based carbon fiber-reinforced ZrB2/SiC composite 
were comparable to those of the same composite 
reinforced with coated Cf, leading to the conclusion 
that pitch-derived Cf can provide toughening even in 
the absence of a coating thanks to their layered structure 
that allows intra-fiber pull-out [13,56]. Furthermore, it 
was observed that the pressure-assisted sintering 
process did not alter the distribution of fiber diameter 
in comparison to the PIP process; for coated fibers,   
> 60% of the total fiber amount was found as fiber 
clusters with weak inter-fiber interfaces; while for 
uncoated fibers, up to 40% of the fibers were dispersed 
into the matrix as single filaments characterized by 
strong interfaces due to mechanical interlocking thanks 
to the better slurry infiltration of the fiber bundles [52]. 
Finally, the composite’s overall α gradually approached 
that of bare Cf as the matrix was gradually damaged 
[15,53]. 

Typical thermo-mechanical properties of sintered 
UHTCMCs are summarized in Table 1 and were 
obtained by testing rectangular bars machined from 
specimens produced at different scales [42]. Compared 
to secondary organic aerosol (SoA) C/SiC composites, 
UHTCMCs featured higher values of Young’s modulus, 
E, CTE, and thermal conductivity, while the RT strength 
properties were lower mainly due to the less performing 
fiber/matrix interface in sintered systems. However, 
UHTCMCs showed unparalleled properties at elevated 
temperature (1600–1800 ℃). The strengths (flexural 
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Fig. 3  Microstructures of ZrB2/SiC–Cf composite sintered by SPS as examples: (a) fiber distribution, (b) detail of matrix, 
showing SiC (dark grey), ZrB2 (light grey), and pores, and (c) detail of fiber/matrix interface. 

 
 

Table 1  Typical thermo-mechanical properties of sintered UHTCMCs compared to those of SoA C/SiC composites 

C/SiC  
Property UHTCMCs (averaged)  

PIP [57] LSI [58,59] CVI [59] 

Architecture 0°/90° 0°/90° Two-dimensional (2D) 2D 

Density (g/cm3) 3.7±0.3 1.8 1.8–2.4 2.1–2.2 

Porosity (%) 7±4 10 < 1–2 10–15 

Fiber amount, Vf (%) 47±7 46 — 42–47 

RT E (GPa) 
138±17 
25±3a 

65 
— 

50–80 
— 

90–100 
— 

RT shear modulus, G (GPa) 27±7 — — — 

RT σf (MPa) 
220±42 
23±9a 

500 
— 

80–230 
— 

450–500 
— 

σf at 1800 ℃ (MPa) 307±68 — — — 

RT tensile strength, σt (MPa) 120±7 250 40–350 300–380 

σt at 1600 ℃ (MPa) 200±24 266 — — 

σt at 1800 ℃ (MPa) 200 — — — 

RT fracture toughness, KIC (MPa·m0.5) 9.7±1.1 — — — 

α (10−6 ℃−1) 
4.2±0.1 
8.0±0.4a 

1.2–2.7 
4.1–6.2a 

3 
— 

3 
— 

RT kth (W/(m·K)) 
140.0 
28.1a 

11.3 
5.2a 

13–40 
— 

5 
— 

kth at 1200–1500 ℃ (W/(m·K)) 
108.3 
23.6a 

12.2 
5.3a 

20 
— 

5 
— 

a Properties along the pile-up direction 

 
and tensile) at elevated temperatures were always 
higher than those at RT. Properties were also highly 
anisotropic along the sample thickness, which is quite 
relevant for this kind of application. Worthy to note, 
the CTE along the thickness is twice as high as the 
in-plane CTE, and the flexural strength, σf, modulus, 
and thermal conductivity are highly reduced through 
the thickness. 

3. 2  Propulsion tests 

The three nozzles, labelled as SPS-2, HP-2, and HP-3,  

were repeatedly tested by means of the subscale hybrid 
rocket engine, according to the conditions summarized 
in Table 2. SPS-2 and HP-2 were tested 2 times (Table 2), 
and the tests had duration of 10 and 15 s for an overall 
duration of 25 s. HP-3 was tested 3 times, and each test 
lasted 10 s, for overall engine operation of 30 s. 

The shape and size of the UHTCMC nozzle (Fig. 4(a)) 
are the same as those of the graphite nozzles 
conventionally used in the laboratory, having a throat 
diameter of 9.6 mm, with a curvature radius of 11.6 mm 
and an expansion area ratio of 2.99. The combination 
of extremely harsh thermo-fluid-dynamic and chemical  
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Table 2  Consolidation methods, ρ, porosities, test duration, and numbers of tests per specimen. Oxide layer thickness: 
SPS-2 and HP-2 were tested twice for overall engine operation of 25 s, while HP-3 was tested 3 times for a total of 30 s. 
The final oxide thickness in the convergent part of the nozzle was measured for each sample 

Duration (s) Maximum pressure (bar) 
Sample ρ (g/cm3) 

Porosity 
(vol%) 

No. of  
tests Test 1 Test 2 Test 3 Total Test 1 Test 2 Test 3 

Oxide thickness
(μm) 

SPS-2 3.64 10.8 2 10 15 — 25 10.5 11.0 — 59±10 

HP-2 3.74 8.4 2 10 15 — 25 10.2 10.8 — 36±11 

HP-3 4.05 0.8 3 10 10 10 30 9.6 9.9 10.2 87±27 

 

 
 

Fig. 4  (a) Nozzle before test, (b) hybrid motor mounted on test bench, (c) CFD-calculated distributions: (c1) static temperature 
and (c2) static pressure throughout nozzle in nominal test conditions, (d) nozzle exhaust plume during test (with an infrared 
thermo-camera (IR-TC) frame), and (e) combustion chamber pressure vs. time during firing tests on UHTCMC nozzles 
compared with reference graphite nozzle. 

 
conditions achieved inside the combustion chamber 
and through the exhaust nozzle of rocket engines 

requires advanced materials highly resistant to 
chemical attack and to erosion at high temperatures. 
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The typical propulsion environment contains oxidizing 
chemical species, such as O2, O, CO2, and H2O [60], 
resulting from the combustion reactions occurring in 
the chamber. These species are accelerated to supersonic 
Mach number through the nozzle, whose inner surface 
experiences the aero-thermo-chemical loads deriving 
from the tangential flow of the combusting mixture. 
The throat section, where a sonic Mach number is 
achieved, is the most solicited region, being subjected 
to the highest heat flux and shear stress, which may 
lead to consistent erosion, strong thermal gradient and 
thermal shock in the radial direction, and high tensile 
stresses in the longitudinal direction. Throat erosion 
causes a decrease in the combustion chamber pressure, 
which can directly affect motor thrust and specific 
impulse. 

According to the numerical models described above, 
for the simulation of the flow field inside the considered 
hybrid rocket, the selected nominal test conditions 
correspond to a theoretical chamber pressure of 9.63 
bar, a chamber temperature of 3200 K, and an O/F of 
6.50, meaning that a significant amount of unburnt 
oxygen (a mass fraction over 0.40) is still available in 
the exhaust flow as an oxidizing agent. Throughout the 
nozzle, the combusting flow underwent an expansion 
to supersonic conditions, with a corresponding decrease 
in temperature and pressure, as verified by the contour 
plots of Fig. 4(c), obtained by means of the CFD 
simulations. Remarkably, the projected gas temperature is 
still in the order of 3000 K, and the pressure is over 6 
bar in the throat region, where the cold-wall heat flux 
achieves its peak value of roughly 13 MW/m2. 

Figure 4(d) shows a picture taken during engine 
operation, highlighting the exhaust plume coming out of 
the nozzle and a thermo-graphic frame taken by means 
of an IR-TC (Thermacam P40, FLIR, Portland, USA; 
operating in the far-IR spectral range—8–14 μm). 

The time histories of the pressure measured in the 
combustion chamber during all the tests are shown in 
Fig. 4(e), and compared with that of a reference graphite 
nozzle tested in the same conditions for 10 s. For all the 
tests, the pressure rose after roughly 1 s due to the 
ignition of the mixture, and then it reached a value close 
to the nominal one, keeping it steadily, and finally it 
dropped again when the oxygen feeding valve was 
electronically closed to shut down the engine. 

For SPS-2, after about 8 s in the first run, a slight 
increase of the chamber pressure was recorded. Indeed, 
after the test, a reduction of the throat diameter was 

measured, from 9.6 mm to about 9.4 mm. For the same 
reason, during the second test, the measured chamber 
pressure was slightly higher than that in the first test. 
The observed shrinkage was caused by oxidation, as 
explained below. Similarly, for HP-2, after the first test, 
a slight reduction of the throat diameter, from 9.6 to 9.2 
mm (on average) was measured, and this justifies the 
slight rise in chamber pressure during the second run. 
This final value of chamber pressure was also measured 
during the whole duration of the second test. For HP-3, 
no measurable erosion was observed, coherently with 
the stable pressure profile. It is interesting to notice that 
the conventional graphite nozzle, in such an oxidizing 
environment, was considerably eroded. Specifically, the 
throat diameter increased from 9.9 to 11.4 mm, resulting 
in a dramatic decrease in chamber pressure (roughly 7 
bar at the end of the firing). 

3. 3  Post-test microstructural features 

The nozzles were extracted intact from the rocket 
motors after the multiple tests. An example of the 
sectioned nozzle is shown in Fig. 5(a), where it is 
possible to see the different oxide layering in the inner 
walls of the throat. Due to the sharp angles of the 
prototype, the most stressed regions are the convergent 
part of the nozzle and the 90° corner of the machined 
sample. Microcracks starting from these corners were 
indeed observed after sectioning. As shown in Fig. 5(b), 
this observation was also predicted through the finite 
element method (FEM) developed during the EU 
project C3HARME [61,62]. 

The pictures of the nozzle top view and details of 
the throat are shown in Fig. 6. As mentioned before, 
the throat sections maintained their original circular 
shape, with no visible erosion. White crusts and bulges 
can be noticed on the top views due to oxidation (Figs. 
6(a)–6(c)). The optical microscopy images of the 
nozzles’ inner part (Figs. 6(d)–6(f)) reveal a whitish 
surface, again due to oxidation phenomena. The 
extension of oxidation, covering both convergent and 
divergent part of the nozzle, is more pronounced for 
SPS-2 rather than HP-2. It is possible to observe a white 
crust with some darker stains, followed by a dark grey 
crust in the divergent part, which mainly consists of 
ZrO2 and SiO2, which will be discussed later. HP-3 was 
darker in appearance, likely due to the formation and 
coverage with extra SiO2. 

The details of the inner profiles are shown in Figs. 
7–9 for SPS-2, HP-2, and HP-3, respectively. The SPS-2 
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Fig. 5  (a) Camera picture of SPS-2 nozzle section after two consecutive tests and (b) projected thermal stresses, highlighting 
the most stressed regions, as estimated by COMSOL software. 

 

 
 

Fig. 6  Pictures of top views of specimens after all test sequences: (a) SPS-2, (b) HP-2, and (c) HP-3 and (d–f) details of their 
inner throats, respectively. 
 

sample was characterized by a smooth inner surface 
profile mainly composed by a white layer, confirmed 
to be ZrO2, together with a dark grey layer consisting 
of SiO2 (Figs. 7(a) and 7(b), respectively). Looking at 
the details of the convergent and divergent parts of the 
sample obtained via SPS, it is possible to see the 
oxidized layer (Figs. 7(c) and 7(d)), which was 59±10 
µm on average (Table 2). In this region, high gas 
temperature (3150 K), high pressure (10.5 bar), and 
relatively long gas residence time (due to the low 
Mach number upstream the throat) were achieved, with 
the cold-wall heat flux rising from 7 to 13 MW/m2 and 
a maximum pressure of 11.0 bar. The cross section of 
the diverging part (Fig. 7(e)) does not show any 
significant oxidation or erosion in spite of the still 
harsh conditions calculated (gas temperature 2500 K, 
1 bar, and 4 MW/m2 at the nozzle exit), possibly also 

due to the relatively low gas residence time in the 
supersonic region, and both the fibers and the matrix 
were still intact (Fig. 7(f)). 

This layer sequence has been already observed in 
Ref. [41] on the oxidation behavior of ZrB2/SiC–Cf 
composites tested in a bottom–up furnace. The 
oxidation behavior observed here was comparable to 
that of the bottom–up furnace testing (1650 ℃, 1 bar, 
and static air), suggesting that the inner wall temperature 
reached in the nozzle was much lower than the gas 
temperature registered. Even the oxidized layer 
thickness (~59 µm) was comparable to that of a carbon 
fiber-reinforced ZrB2+10%SiC composite (~57 µm) 
tested in the bottom–up furnace at 1650 ℃. The same 
material tested in a controlled environment at 
temperatures of 2000–2200 ℃ was considerably more 
damaged, and the protective SiO2 layer was completely  
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Fig. 7  Model of cross section of nozzle: (a, b) surfaces of inner throat of SPS-2 sample after testing, showing throat surface 
features, (c, d) cross sections of convergent part, and (e, f) cross sections of divergent part. 

  

removed [63]. In that case, the oxidized layer thickness 
measured up to 300–400 µm. Remarkably, the surface 
of the divergent part was seemingly unaffected, as 
evidenced by the presence of unoxidized fibers and 
matrix (Figs. 7(e) and 7(f)), in spite of the projected 
very harsh conditions (gas temperature 2500 K and 1 
bar). As argued above, due to the supersonic flow 
Mach number (higher than 2 at the nozzle exit), the 
real inner wall temperature of the nozzle was likely 
much lower than 2000 K. Moreover, the higher shear 
stresses (rising from 0 at over 3700 Pa in the convergent 
part, peaking at the throat section, and still higher than 
1600 Pa at the nozzle exit) may have favoured liquid 
oxide removal during firing. 

The HP-2 sample behaved very similarly to the 
SPS-2, although slightly less oxidized, as evidenced by 
the lower oxide thickness. These small differences may 

arise from the different process parameters of HP 
compared to those of SPS that affected the final 
porosity of the material. Indeed, the HP-2 sample was 
slightly less porous than SPS-2 (8.4% vs. 10.8% in 
porosity). In any case, both materials were characterized 
by very similar microstructures, and the oxidation 
behavior was comparable. From the SEM analysis on 
the surface of the throat, a mixture of white and grey 
oxides were observed, which were confirmed to be 
ZrO2 and SiO2, respectively (Figs. 8(a) and 8(b)). The 
fibers were still partly visible and were covered by 
SiO2. Looking at the details of the convergent region 
(Figs. 8(c) and 8(d)), the surface was homogeneously 
covered with an oxide layer mainly consisting of small 
ZrO2 particles embedded in SiO2 in the thickness of 
36±11 µm, while the divergent part did not show any 
signs of oxidation, and both the fibers and the matrix 

 

 
 

Fig. 8  Model of cross section of nozzle: (a, b) surfaces of inner throat of HP-2 sample after testing, showing surface features, 
(c, d) cross sections of convergent part, and (e, f) cross sections of divergent part. 
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were still intact (Figs. 8(e) and 8(f)). Depending on the 
analyzed area, SiO2 was found with varying thicknesses, 
alternating with layers constituted mainly by ZrO2, as 
seen for SPS-2. 

The HP-3 sample was less porous (< 1%) than HP-2 
(< 10%) (Table 2) due to the slightly higher sintering 
temperature and holding time, and it was characterized 
by a smooth profile of the tested surface, while the 
front view of the surface shows dark grey and white 
spots (Figs. 9(a) and 9(b), respectively). A lateral crack 
propagating from the edge was observed after the third 
test, which was likely derived from the repeated 
thermal shocks, causing high stress concentrations on 
the sharp edges, as previously foreseen by thermal 
stress simulation (Fig. 5(b)). The cross section showed 
a similar behavior to the other specimens, but in this 
case, the oxide layer appeared more porous. On further 
inspection of the convergent and divergent areas of the 
nozzle inner surface (Figs. 9(c) and 9(d)), the majority 
of the oxidation took place in the convergent region, 
with the formation of an outer ZrO2–SiO2 layer and an 
intermediate porous ZrO2 layer, while the divergent 
region was apparently unaffected with intact fibers  
(Fig. 9(e)) and unoxidized ZrB2 (Fig. 9(f)). The progressive 
oxidation of ZrB2/SiC to ZrO2–SiO2, followed by the 
impoverishment of the matrix and the formation of the 
porous intermediate layer, has been previously documented 
and is a phenomenon encountered during prolonged 
exposure in highly oxidizing environments at high 
temperatures. 

3. 4  Oxidation behavior mechanism 

Although the gas temperature during test can reach 
3000 K, as indicated by predictions, the nozzle wall 

 

certainly was at lower temperatures. Precise estimation 
of wall temperature is complex because the phenomenon 
is highly unsteady, and the surface evolution in 
different thermal cycles also depends on the material 
response itself. It is reasonable to assume that in the 
whole area of the convergent up to the throat, a wall 
temperature between 1500 and 2000 K in the longest 
tests was reached. In order to provide an estimate of 
the temperatures achieved on the materials surface, 
three transient simulations of the nozzle thermal 
behavior were carried out by means of the model 
described in Section 2. In the first simulation, the 
whole material was assigned orthotropic and temperature- 
dependent thermal properties (specific heat and 
thermal conductivity plus constant density) according 
to the data in Table 1. The surface emissivity was set to 
0.85. This case was labelled as “Unoxidized”. In the 
second and third simulations, the presence of a 60 μm- 
thick oxide layer over the whole nozzle inner surface 
was taken into account. In the second simulation 
(Oxidized-k = 2 W/(m·K)), this layer was characterized 
by a specific heat equal to 650 J/(kg·K) and a thermal 
conductivity of 2 W/(m·K), according to Ref. [37]. In 
the third simulation (Oxidized-k = 1 W/(m·K)), for an 
additional parametric analysis taking possible factors 
into account, leading to the reduction in thermal 
conduction through the oxide, such as porosity, the 
oxide layer thermal conductivity was set to 1 W/(m·K) 
[64–66]. In both the simulations with the oxide layer, 
the nozzle inner surface emissivity was set to 0.5 [64]. 
In all the simulations, the temperature field was 
initialized to 300 K in the whole solid domain, and the 
simulation lasted 15 s. 

Figure 10 shows the evolution of the maximum 

 
 

Fig. 9  Model of cross section of nozzle: (a, b) surfaces of inner throat of HP-3 sample after testing, showing surface features, 
(c, d) cross sections of convergent part, and (e, f) cross sections of divergent part. 
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temperature reached by the nozzle inner surface in the 
three cases. The temperature is evaluated as the 
maximum reached in any point of the surface at each 
time instant. This is located for all test duration in 
close proximity of the throat section. It is possible to 
observe that the presence of the oxide layer, as expected, 
causes a shift in the maximum surface temperature by 
a few hundred Kelvin degree, with the main factor 
residing in the modified thermal conductivity. It is 
worth remarking that this is mostly a parametric 
analysis, since in such short-duration, unsteady tests, 
an actual steady state of the oxidation process is 
presumably never reached, so the surface behavior is 
expected to have migrated from the blue (“Unoxidized”) 
curve to one of the “Oxidized” curves during the firing 
themselves. Also, in reusability tests, the initial oxide 
conditions may have differed from firing to firing. 
However, these computations provide an estimate of 
the achieved surface temperatures (ranging from 1600 
to 1900 K at the end of the longest firing) in support of 
the present discussion. 

According to thermodynamic simulations carried 
out with Factsage 8.0 software, the main oxidation 
products at 2000 K and 9.5 bar are t-ZrO2, liquid 
SiO2–B2O3, and volatile oxides, such as CO, CO2, SiO, 
B2O3, BO, B2O, and BO2. The SiO2, at these high 
pressures, is still present on the surface as a viscous 
liquid layer. Due to the high flow rates of the 
oxygen/fuel, part of this melt is hypothesized to flow 
along the throat and coat the lower area of the throat; 
the evidence of this phenomenon can be found in Fig. 
11, where a dark grey crust was visibly spread on top 
of the unoxidized material. This smeared silica layer was 
likely responsible for the protection of the material below. 
 

Since this smeared coating was not chemically 
bonded to the substrate, it likely came off during the 
polishing procedure, which exposed the unoxidized 
material below. The shrinkage of the throat section that 
was measured just after some of the firing tests may be 
linked to the deposition of this ZrO2–SiO2 layer. In 
Refs. [64,67] on the same material tested in an arc-jet 
environment, in fact, the oxidation process led to a 
slight thickening of materials samples, coherently with 
the present results. In Ref. [68] on the ablation 
resistance of C–ZrC/SiC and C–ZrB2/SiC composites 
tested at 1800 ℃, a similar oxide layering was 
observed, with the formation of an outer ZrO2–SiO2 
scale and an intermediate porous layer; but in this case, 
the outer layer was prone to peeling off, exposing the 
underlying unoxidized structure. In that case, only 
employing an outer layer of ZrB2–SiC, it was possible 
to avoid the oxide peeling off [69]. In our case, the 
 

 
 

Fig. 10  Maximum temperatures achieved in time over 
inner surface of the nozzles for different material 
properties calculated by the CFD. 

 
 

Fig. 11  Low-magnification micrograph showing surficial crust constituted by SiO2–ZrO2 spread along the length of the throat. 
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outer layer was preserved, and no peeling off was 
observed without the need of successive layer 
deposition. Combining these new findings with the 
results obtained from our previous works, the 
following oxidation mechanism was proposed: In the 
range of 700–1000 ℃, the oxidation of the fibers and 
boride matrix is kinetically favoured compared to the 
formation of the protective silica layer, leading to the 
initial oxidation of the outer fibers and the formation of 
ZrO2 and B2O3. With the increasing temperature above 
1200 ℃ , the evolution of boron oxides and the 
oxidation of SiC to SiO2 is promoted, leading to the 
passivation of the outer layer and the formation of a 
ZrO2–SiO2 scale that provides protection up to 1700 ℃. 
However, as discussed above, the action of high local 
gas pressures can lead to the displacement of the glassy 
SiO2 layer, resulting in the formation of two regions 
with varying SiO2 coverage (Fig. 12(b)). 

3. 5  Comparison with state-of-the-art materials 

Erosion resistant nozzles that can maintain dimensional 
stability during firing are required for more demanding 
propulsion applications. The state-of-the-art materials 
used for these applications include refractory metals, 
refractory-metal carbides, graphite, ceramics, and 
fiber-reinforced plastics [5], but the choice depends on 

 

the specific application. Fully densified refractory- 
metal nozzles are generally more resistant to erosion 
and thermal-stress cracking than the other materials. 
Graphite performs well with the least oxidizing 
propellant but is severely eroded in the process. 

It is worth noticing that in the same or even under 
less demanding conditions, conventional graphite nozzles 
showed a visible decrease in the chamber pressure, due 
to considerable throat thermo-chemical erosion [70,71], 
as demonstrated by the reference test on graphite 
shown in Fig. 4(e). 

Some of the refractory-metal carbide nozzles are 
reported to show outstanding erosion resistance, 
comparable to that of the best refractory-metal materials, 
but generally suffer due to fractures induced by 
thermal stresses. A nozzle made of monolithic tantalum 
carbide was previously manufactured with the same 
geometry of the present nozzles. Although no erosion 
was observed, the nozzle failed catastrophically after the 
first run due to its intrinsic brittleness and low thermal 
shock resistance [70,71]. 

UHTCMC nozzles were at the same time damage 
tolerant (the formation of microcracks in the most 
stresses areas did not compromise the tests) and 
resistant to erosion. This work demonstrated how these 
advanced structural ceramic composites can achieve 

 
 

Fig. 12  (a) Oxidation phenomena from RT to 1700 ℃: oxidation of outer fibers and ZrB2 to CO, ZrO2, and B2O3, evaporation 
of boron oxides and formation of SiO2, and formation of ZrO2–SiO2 scale. (b) Ablation mechanism in nozzle: The convergent 
part of the nozzle is exposed to the highest static temperature at relatively high gas residence time and is rapidly oxidized to 
ZrO2 and liquid SiO2. The silica, having lower viscosity, is displaced and spread towards the diverging part of the nozzle. 
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unprecedented levels of safe operation of reusable 
components for aerospace propulsion. The addition of 
fiber-reinforcement did not degrade the refractory 
properties, and the densification of the ceramic matrix, 
through the sintering process, did not reduce the 
structural properties. This successful integration 
between fiber and UHTC matrix allowed to produce a 
nozzle that did not fail during the thermal excursion 
experienced by the engine, and can allow to produce 
reusable components for aerospace propulsion. 

4  Conclusions 

In this paper, the reusability of UHTCMC-based 
nozzles for rocket propulsion was assessed by repeatedly 
testing the same nozzle in a hybrid rocket motor. All 
specimens were obtained by sintering (either from HP 
or SPS) and had slight variations in behavior, which 
was mostly affected by porosity. Compared to a 
reference graphite nozzle, no erosion was observed for 
the UHTCMC-based nozzles; instead, a decrease of 
diameter of the throat was observed, which resulted in 
a slight increase of pressure on the inner walls. 

In spite of the high gas temperatures registered (> 
3000 K), the observed oxidation behavior was similar 
to that of specimens tested at 1500–1650 ℃ in an air 
furnace, suggesting that the real temperatures inside 
the nozzles were likely 2000 K or lower, as supported 
by numerical simulations. 

The oxidation mechanism consisted in the formation 
of a ZrO2 intermediate layer, with a liquid SiO2 layer 
on the surface that was displaced by the action of the 
gas flux towards the divergent part of the nozzle, 
protecting it from further oxidation. Repeated testing 
actually led to a decrease of the throat diameter, 
possibly due to the formation of a liquid oxide layer 
during firing with a lower density. 

These tests demonstrated the capability of complex- 
shaped prototypes made of the developed UHTCMC to 
survive repeated exposure to a harsh environment 
representative of a realistic space propulsion application, 
for overall operating time up to 30 s, without any 
failures nor measurable erosion, making a promising 
step towards the development of reusable rocket 
components. Future studies will address the capability 
of these materials to withstand prolonged exposure 
time in oxidizing conditions or a high number of oxidation 
cycles in short succession. 
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