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Processing and oxidation resistance at 1650 ◦C of ZrB2-based UHTCMCs 
with short fibre gradients 
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A B S T R A C T   

Functionally graded composites with fibre gradients were prepared with three different ceramic matrices: ZrB2- 
SiC-Y2O3, ZrB2-MoSi2 and SiC-Y2O3, with short carbon fibres in amounts ranging from 0–50%. Short term 
oxidation tests at 1650 ◦C in air were carried out to study the influence of the graded architecture and fibre 
content on the structural stability and oxidation resistance. The composite layers were perfectly joined at the 
interface, with no visible defects. Even after oxidation testing, no spallation phenomena were observed. ZrB2- 
MoSi2 matrix proved to be the most effective in protecting the composite from oxidation thanks to the formation 
of a compact ZrO2-SiO2 scale.   

1. Introduction 

Ultra-high-temperature ceramics (UHTCs) are a class of materials 
that include carbides and borides of early transition metals, character
ized by a melting point above 3000 ◦C [1,2]. They are widely recognized 
for their high thermal conductivity and exceptional ablation resistance 
in harsh environments [3]. However, UHTC materials are characterized 
by poor fracture toughness, which leads to catastrophic failure and 
limits their application in environments where thermal shocks and vi
brations are present [4]. To improve the damage tolerance of the 
UHTCs, short or long fibres have been considered as a reinforcement 
[5–7]. Among the different fibres, carbon fibres have shown the best 
resistance at high energy fluxes, provided they are well protected by the 
UHTC matrix and sintered using processes that do not affect the fibre 
properties [8–10]. Another approach to improving the failure resistance 
of ceramics is to exploit the stresses that arise from the layering of 
different compositions with different properties [11–14]. The main 
challenges in a multi-layered structure can be the residual stresses 
resulting from differences in thermal expansion coefficient, Young’s 
modulus, chemical reactions, and phase transformations between the 
layers. The coupling of layers with different thicknesses and composi
tions is advantageous when crack developments is not present. The use 
of short carbon fibres and a multi-layer structure in a graded composite 
allows to mitigate the trade-off between the high strength and ablation 
behaviour, failure tolerance and weight [15,16]. 

Thanks to their relatively low density, high melting point, high 

strength and good thermal conductivity, the most studied UHTCs are the 
ZrB2-based composites [17–19]. In order to improve the 
thermo-mechanical properties, oxidation resistance and final density, 
borides are usually combined with silicon-containing additives in small 
amount, such as 10–20 vol% of SiC [20,21]. In fact, the oxidation 
resistance of pure ZrB2 is poor already at 1000 ◦C, because of the for
mation of a porous and non-protective ZrO2 film, as well as the evapo
ration of B2O3. The introduction of SiC promotes the formation of a 
surficial glassy silica phase, which protects the material from oxidation 
up to 1600 ◦C [22]. Other ceramic additives, such as Y2O3 or MoSi2 
improve the densification of ZrB2-SiC composites by forming a liquid 
phase with the oxide impurities present on the surface of ZrB2 and SiC 
grains [23,24]. The presence of Y2O3 stabilizes the ZrO2 formed during 
oxidation in the tetragonal structure, leading to the formation of a more 
compact film that improves the oxidation resistance [25]. The presence 
of MoSi2 improves the oxidation resistance thanks to the formation of a 
SiO2 layer. In more detail, oxidation produces a SiO2-rich glass layer, a 
subsurface oxide layer, and a MoB, ZrO2, and SiO2 mixture layer [26]. 

In this work, the possibility of producing graded composites with a 
fibre gradient ranging from 0 to 50 vol% via hot pressing sintering was 
investigated. Three UHTC matrices were mixed with carbon fibres:  

• ZrB2 – 10 vol% SiC - 5 vol% Y2O3 where SiC is the oxidation resistant 
phase and Y2O3 is the sintering aid [4,27].  

• ZrB2 – 15 vol% MoSi2 where MoSi2 is both sintering and oxidation 
resistant aid [28,29]. 
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• SiC – 5 vol% Y2O3, where Y2O3 is the sintering aid [30,31]. 

The behaviour of the fibres in the different layers and at the interface 
between the layers after the sintering was examined. Additionally, the 
oxidation resistance was investigated through tests in air at 1650 ◦C for 
one minute, on the top layer and along the cross section, to understand 
the impact of fibre content on the resistance of reinforced layers vs bulk 
layers. Indeed, even if in service conditions the underlying fibre- 
reinforced layers would normally not be exposed to the oxidative 
environment, it would be interesting to assess the damage in case oxy
gen broke through the bulk layer during oxidation. Furthermore, the 
differences in oxidation resistance resulting from the different matrix 
and sintering aid were investigated. 

2. Experimental 

2.1. Graded compositions 

Three graded materials were manufactured, each with a different 
matrix composition and varying amounts of pitch-based, short carbon 
fibre reinforcement. Specifically, a structure consisting of three layers 
was considered. The first layer consisted solely of bulk ceramic without 
any reinforcement. The second layer was composed of the same matrix 
material with a 20 vol% of short fibre reinforcement, and the final layer 
contained 50 vol% of fibres. The compositions and distribution of fibres 
in the investigated materials are reported in Table 1. 

2.2. Raw materials 

The following commercial raw materials were used for the produc
tion of the different samples:  

1. ZrB2 (H.C. Starck, grade B, Germany, specific surface area: 1.0 m2/g, 
particle size range: 0.5–6 µm, impurities (wt%): 0.25 C, 2 O, 0.25 N, 
0.1 Fe, 0.2 Hf);  

2. α-SiC (Grade UF-25, H.C. Starck, Germany, specific surface area: 
23–26 m2/g, D50: 0.45 µm, impurities (wt%): 2.5 O);  

3. Y2O3 (Grade C, H.C Starck, Germany, specific surface area: 10 − 16 
m2/g, D50: 0.90 µm, impurities (wt%): 0.005 Al, 0.003 Ca, 0.005 Fe);  

4. MoSi2 (Aldrich, Milwaukee, particle size range: 0.5–6 µm, oxygen 
content: 1 wt%);  

5. pitch-based, ultra-high modulus carbon fibres (Granoc Yarn XN80-6 
K fibres; tensile modulus of 780 GPa and tensile strength 3.4 GPa, 
diameter: 10 µm, supplier: Angeloni) manually chopped with a blade 
to a length of approximately 3 mm;  

6. biodegradable thickener used as colloidal dispersant as reported in 
previous studies 

2.3. Process 

The fabrication process of the different samples (Fig. 1) was based on 
a novel approach reported in a previous work [27]. One important 

characteristic of this process is the ability to overlap sheets with 
different characteristics - such as the fibre amount - in order to obtain 
samples with a fibre gradient. 

The different powder mixtures were prepared by wet ball milling and 
drying. Using these mixtures, water-based slurries were prepared and 
mixed with the dispersant and the desired amount of carbon fibres. The 
resulting products were then transferred in a mould to be shaped as 
sheets and dried. The layers were subsequently overlapped to achieve 
the desired fibre stratification and subjected to debonding in air at mild 
temperatures. Finally, the layered samples were sintered via hot press
ing at 1900 ◦C for 20 min and 35 MPa of pressure, as reported in pre
vious studies [32–34]. 

The different samples were each composed of three different regions. 
The amount of fibre reinforcement for each layer (0 – 20 – 50 vol%, 
respectively) was chosen to maintain damage tolerance throughout the 
specimen while also ensuring compatibility between each layer. The 
bulk layer’s thickness was kept as low as possible to guarantee sufficient 
oxidation resistance without adversely affecting the final weight, while 
the fraction with 50 vol% fibre content was increased to lower the 
specific weight and provide high damage tolerance. The coefficients of 
thermal expansion (CTE) for the materials used are approximately 
6.7·10− 6/◦C for ZrB2, 4.0·10− 6/◦C for SiC and 2.0·10− 6/◦C for the pitch 
carbon fibres [35,36]. To obtain the final samples, hot pressing was 
performed on 10 sheets of overlapped material for each composition. 
Due to the varying amounts of fibres within the layers and the different 
densities of the matrices, the thickness of each layer was not the same, 
but the ratio between the layer thicknesses was maintained at 4:7:10 to 
ensure a good overall compatibility. 

2.4. Microstructure analysis 

The microstructure was analysed on polished surfaces before and 
after the oxidation tests using a field emission scanning electron mi
croscope (FE-SEM, Carl Zeiss Sigma NTS Gmbh Öberkochen, Germany) 
and energy dispersive X-ray spectroscopy (EDS, INCA Energy 300, Ox
ford instruments, UK). The samples to be analysed with the microscope 
were prepared by cutting cross sections, mounting them in epoxy resin, 
and then polishing down to a 0.25 µm finish with diamond abrasives and 
a using semi-automatic polishing machine (Tegramin-25, Struers, Italy). 
The polished samples were subsequently washed with ethanol in an 
ultrasonic bath, dried under IR light, and cleaned with a plasma cleaner 
(Colibrì Plasma RF 50 kHz, Gambetti, Italy) at 40 W for 5 min with a 
mixture of argon and 20% oxygen. After sintering, the geometric density 
and bulk densities were measured. The bulk densities were determined 
using the Archimedes method with distilled water according to the 
standard DIN EN 1389:2003. 

2.5. Oxidation tests 

Oxidation tests were carried out in a bottom-up loading furnace 
(FC18–0311281, Nannetti S.R.L, Italy). This furnace allows for testing 
the oxidation and thermal shock resistance of materials directly exposed 
to the target temperature (e.g. 1650 ◦C). The furnace can be heated to 
the desired test temperature, and then the samples are introduced in the 
chamber. This method ensures a quick exposition to high temperature, 
bypassing potential oxidation phenomena that could occur at lower 
temperatures, more closely replicating the typical operating times that 
are in the order of few seconds and up to 2 min. In this study, samples 
with approximate dimensions of 5 × 10 × 3 mm (width × length ×
thickness) were tested at 1650 ◦C in air for 1 min. Once the target 
temperature was reached, the samples were placed in the furnace using a 
porous zirconia sample holder. After reaching thermal equilibrium 
(approximately 2 min), the isothermal stage began (1 min). At the end of 
the oxidation test, the samples were quickly removed and allowed to 
cool naturally in air. The samples were weighed both before (win) and 
after (wfin) the oxidation test. The mass variation was normalized over 

Table 1 
List of the samples tested, relative compositions, additives roles and final density 
of the graded structures.  

Name Matrix composition (vol 
%) 

Function ρ (g/ 
cm2) 

ZSY 85 - ZrB2 

10 - SiC 
5 - Y2O3 

ZrB2: main phase 
SiC: oxidation resistance aid 
Y2O3: sintering aid 

4.30 

ZM 85 - ZrB2 

15 - MoSi2 

ZrB2: main phase 
MoSi2: oxidation and sintering 
aid 

4.85 

SY 95 - SiC 
5 - Y2O3 

SiC: main phase 
Y2O3: sintering aid 

2.71  
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the initial surface area (S) using the following equation: Δm
S =

wfin − win
S . 

3. Results and discussion 

3.1. Microstructural features of the as-sintered graded samples 

All graded structures shared similar features: the regions with 0 – 20 
– 50 vol% fibres could be clearly identified by SEM, but within each 
composition, the individual sheets could not be distinguished as they 
were welded during the sintering process. No fibre aggregation or voids 
were observed and the outer bulk material was entirely free of cracks, 
even in proximity of the interface with the fibre-reinforced layers 
without incurring in CTE-related issues between the layers, as often 

observed in previous reports [37]. Details of each structure are reported 
below. 

3.1.1. ZSY structure 
All the layers were almost fully dense, despite the increasing content 

of carbon fibres. According to EDS (Fig. 3-a) the matrix contained ZrB2, 
(light grey phase), SiC (black phase), and ZrC particles. Additionally, 
dark grey phases of Y-B-C-O were observed, exhibiting a lamellar 
structure. These Y-B-C-O phases were formed through the reduction of 
impurities, Y2O3 and B2O3, with the carbon from the fibres [4,38–40]. 

The fibres did not show signs of degradation or reaction with the 
matrix, maintaining their rounded shape (Fig. 2), except for the first 
≈ 100 µm of the second layer in the area directly in contact with the first 
layer. In the region at the interface between the first and second layer, 

Fig. 1. Flowchart for the fabrication process: the starting materials are mixed, then cast into a mould to obtain fibre-powder sheets, then undergo debonding in air, 
and finally they are sintered via hot pressing [27]. 

Fig. 2. Morphologies of graded ZSY structure composed of three areas: 0 - 20 - 50 vol% Cf. Thickness of the layers are ~800, 1400, 2000 µm, respectively.  
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Fig. 3. High magnification SEM images of ZSY sample: (a) matrix (b) unreacted fibre (c) reacted fibre and EDS spectra collected at 5 KeV. The light and dark grey 
phases represent ZrB2 (1) and SiC (2) respectively. Occasionally, Y-B-C-O phases (3) were observed near SiC particles. 

Fig. 4. Detail of the migration of the liquid phase from the bulk layer to the 20% fibre reinforced layer: a) low and high magnification of the interface, showing the 
gradual impoverishment of the bulk layer of the liquid phase that accumulates near the interface, b) Schematic representation of the migration of the liquid phases 
during the sintering and the relative fibres reaction. 
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called the transition zone, the fibres were characterized by radial 
degradation (Fig. 2) which was confirmed to be Y-B-C-containing phases 
(Fig. 3-c). The hypothesized reaction is reported below [41]:  

Y2O3(s) + 2 B2O3(s) + 13 C → 2 YB2C2(s) + 9 CO(g)                                  

The B2O3 mentioned in the reaction came from the oxides naturally 
covering the surface of the commercial ZrB2 powder. This reaction was 
particularly evident only in the fibres at the interface between the first 
and second layers (Fig. 2). This is likely due to the migration of Y2O3 
during sintering from the bulk region to the fibres. The migration 
occurred throughout the material because Y2O3, mixed with B2O3 and 
SiO2, acted as a liquid phase during sintering. 

This migration (schematically reported in Fig. 4) was driven by the 
concentration gradient of the liquid phase that reacted with the carbon 
fibres reducing its concentration at the interface between the layers. 

3.1.2. ZM structure 
The surface of the first layer (Fig. 5) was completely dense and ho

mogeneous, without voids or defects. Partially degraded fibres were 
only observed at the interface between the 0% and 20% fibre reinforced 
layers, in a region approximately 50 µm thick; in this transition layer, 
the fibres reacted with the additives, leading to evident fibre 
degradation. 

The EDS spectra collected on the ZrB2 - MoSi2 matrix (Fig. 6-a) 
revealed the presence of a light grey phase, likely Mo-B, a darker grey 
phase corresponding to ZrB2 and a black phase representing SiC. The 
formation of MoB has been observed in previous studies of similar bulk 
systems and it was attributed to the reaction between MoSi2 and oxygen 
impurities during the sintering process [29]:  

2 MoSi2 +
5
2 O2 + B2O3 → 2 MoB + 4 SiO2                                             

EDS analysis performed on the degraded fibres (Fig. 6-c) revealed a 

high concentration of SiC surrounding the fibre, which could be attrib
uted to the reduction of MoSi2 and ZrB2 with the fibre according to the 
following reaction:  

ZrB2(s) + 2 MoSi2(s) + 5 C(s) → ZrC(s) + 2 MoB(s) + 4 SiC(s)                      

The phenomenon of fibre degradation in the transition layer was 
likely due to the migration of the MoSi2 liquid phase from the bulk area 
towards the fibres during the sintering process, with the same mecha
nism observed for the sample ZSY. 

3.1.3. SY structure 
The addition of Y2O3 served as a sintering aid, reducing the sintering 

temperatures and generating a liquid phase to minimize porosity [31]. 
This composition was selected after several tests to prevent cracks for
mation in the matrix caused by residual stresses during sintering. The 
thickness of each layer was approximately 2.5 mm, 3.9 mm and 4.1 mm, 
respectively. SEM micrographs on the cross-section (Fig. 7) clearly 
showed the linear and clear separation between the layers and no cracks 
were visible on the sample surface. The only critical defect identified 
was the presence of some voids propagating within the third layer, 
caused by local fibres agglomeration, leading to a weak interface and the 
pull-out of fibre bundles (Fig. 7). 

The surface microstructure was homogeneous and crack free (Fig. 8- 
a), but exhibited some porosity due to incomplete sintering. The EDS 
analysis carried out in this area revealed the presence of a dark grey SiC 
phase and a light grey Y2O3 phase. 

As for the previous cases, partially degraded fibres were found only 
in the transition layer that was just 50 µm thick. In this region, the fibres 
were visibly eroded, but unlike the previous specimens, they were sur
rounded by voids (Fig. 8-c) and the EDS analysis only showed the 
presence of SiC. Always in this region, a high concentration of a white 
phase (Y2O3) was detected at the interface between the layers, indi
cating the migration of Y2O3 (Fig. 8-d). 

Fig. 5. Morphologies of graded ZM structure composed by three layers: 0 vol%, 20 vol%, 50 vol% of Cf, with thickness of 1.45–2.05-2.10 mm respectively. Yellow 
lines delineated the transition layer between layers. At the interface between 1st and 2nd areas are visible a pronounced fibres degradation. 
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3.2. Microstructural features of the oxidized samples 

Weight changes, mass variation per unit area, and oxidized layer 
thickness are summarized in Table 2. The lowest weight loss was 
observed for sample ZM (approximately 0.56 mg/cm2), as the decrease 
in weight caused by fibre oxidation was partially compensated by the 

weight increase due to the oxidation of ZrB2 to ZrO2. Sample ZSY 
exhibited an intermediate mass loss of approximately 4.51 mg/cm2, in 
accordance with previous studies on long carbon fibre reinforced ZrB2- 
SiC materials [42]. Finally, sample SY showed the highest mass loss of 
approximately 7.05 mg/cm2, but at the same time the bulk layer was 
characterized by the lowest oxide thickness. This phenomenon was 

Fig. 6. High magnification SEM images of ZM sample: (a) matrix (b) unreacted fibre (c) reacted fibre and EDS spectra collected at 5 keV. The light grey phase 
represents MoB (1) and ZrB2 (2), the darker grey phase corresponds to SiC (3) and black phase represent C. 

Fig. 7. Morphologies of graded SY structure composed of three areas: 0 vol%, 20 vol%, 50 vol% of Cf. The transition areas between layers are indicated by yel
low lines. 
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probably due to the absence of mass gain during oxidation. 
All the tested samples exhibited high oxidation resistance, in accor

dance with previous works on similar ceramic matrices reported in 
literature [43–45]. The presence of varying amounts of carbon fibres in 
the samples allowed to analyse different structures under oxidation 
simultaneously. 

After the oxidation tests at 1650 ◦C, the surface and polished cross- 
section of the graded specimen were examined using SEM. Only the 
cross-section corresponding to the outer layer (0 vol% Cf) is relevant for 

the desired application, as the inner layers with higher fibre content 
would typically not be exposed to air. However, for comparison pur
poses, the oxidation of the inner layers on the lateral surface was also 
investigated in this study, to demonstrate how the fibre content would 
affect the composite’s oxidation resistance. 

To investigate more in detail the effects of oxidation on the different 
layers constituting the samples, EDS mapping was carried out. This 
technique allowed to measure the oxide thickness in each layer, indi
cated by the red oxygen signal. In all the samples analysed, a gradual 
increase in thickness of the oxidized area was observed from top to 
bottom (Table 2). Generally, across all the samples, the oxygen distri
bution approximately corresponded to changes in matrix morphologies, 
and variation in oxygen penetration aligned with the interfaces between 
the different layers. 

3.2.1. ZSY oxidized structure 

3.2.1.1. Oxidized surfaces. The oxidation behaviour of carbon fibre 
reinforced ZrB2-SiC-Y2O3 material has been previously investigated by 
the same authors and was used as reference material [4]. The four main 

Fig. 8. High magnification SEM image of SY sample: (a) matrix surface and EDS spectra collected at 5 keV, (b) fibre shapes and the relative degree of reaction in all 
the sample, (c) fibres degradation at the interface between first and second layer, (d), migration and accumulation of Y2O3–rich phase (white) at the interface 
between the first and second layer. 

Table 2 
Values of mass variation, mass variation per unit area, and layer oxide thickness 
for the different samples.   

ZSY ZM SY 

Δm (%) - 1.34 - 0.14 - 3.46 
Δm/S (mg/cm2) - 4.51 - 0.56 - 7.05 
1st layer ox. thickness (μm) 70 ± 6 50 ± 7 2 ± 1 
2nd layer ox. thickness (μm) 120 ± 9 100 ± 9 140 ± 15 
3rd layer ox. thickness (μm) 190 ± 16 85 ± 7 230 ± 20  
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reactions observed were:  

C(s) + 1/2 O2(g) → CO(g)                                                                   (1)  

C(s) + O2(g) → CO2(g)                                                                       (2)  

ZrB2(s) + 5/2O2(g) → ZrO2(s) + B2O3(l,g)                                             (3)  

SiC(s) + 3/2 O2(g) → SiO2(l) + CO(g)                                                   (4) 

SEM analysis carried out on sample ZSY after oxidation (Fig. 9-a) did 
not reveal any newly-formed cracks between the layers, suggesting that 
the difference in CTE between the layers and the thermal shock after 
cooling down from 1650 ◦C did not significantly affect the structural 
integrity of the material. The surface of the first layer was mainly 
characterized by the presence of bubbles and structures resembling 
“four-leaves clovers” composed of ZrO2 (white phase) and SiO2 (dark 
grey phase) (Fig. 9-a), along with hemispherical structures composed of 
a very fine layer of ZrO2. 

The second layer with 20 vol% of carbon fibres showed a high con
centration of porosity generated by the oxidation of the fibres. In this 
area, the matrix had a higher amount of SiO2 on the surface, visible as a 
dark grey phase. The third layer, reinforced with 50 vol% of carbon fi
bres, exhibited a higher degree of porosity on the surface due to the 
higher amount of carbon fibre oxidation and the resulting matrix was 
predominantly composed of ZrO2 as evidenced by the distribution of the 
white phase/ indicating that this high fibre content strongly affected the 
oxidation resistance. The surface morphology of ZrO2 was different than 
that of C-ZrB2/SiC composites where ZrO2 is typically present in the 
form of needles (secondary zirconia) [42], but the cross section revealed 
the typical columnar growth of ZrO2. From XRD analysis previously 
carried out on Y2O3-doped composites, no other ZrO2 phase was 
observed other than the monoclinic, which could be due to Y2O3 no 
longer being available as oxide but being present as YBCO phases that 
have different reactivity [46]. 

3.2.1.2. Polished cross section. The EDS analysis carried out on the 
polished bulk area (Fig. 9-c) revealed the presence of a SiO2 phase (dark 

grey/black), a ZrO2 phase (light grey), and a Y-Si-O-containing phase 
(grey), likely yttrium silicate. 

The oxidation behaviour of the different layers was influenced by the 
volume content of carbon fibre, as shown in Fig. 9-b. Starting from the 
bulk layer, the oxide scale thickness progressively grows going from 
70 µm (0% fibres), to 120 µm (20% fibres) and to 190 µm (50% fibres), 
highlighting how a graded structure is optimal for the improved pro
tection of UHTCMCs. Previous studies [47,48] have reported that for the 
ZrB2-SiC-Y2O3 matrix, only one oxidized region is visible, consisting of 
ZrO2 grains bound together by a glassy phase of SiO2 and Y-O. This 
glassy phase was more abundant near the surface where the oxidation 
was more pronounced. In the bulk region, columnar ZrO2 grains, SiO2 
and a few Y-O phases were observed (Fig. 9-c). The presence of C in all 
the spectra was due to the carbon layer deposited by sputtering on the 
sample for SEM observation. The presence of Y2O3 inhibited the for
mation of the typical two-region structure composed of an outer silica 
layer and an intermediate scale of columnar ZrO2 + SiO2, as observed in 
ZrB2-SiC matrix composites [42]. The second layer (20% fibres) was 
characterized by a similar structure, but with the presence of some voids 
due to the oxidation of the outer fibres. The third layer (50% fibres) was 
visibly more damaged due to the higher carbon content, with the for
mation of large voids and of an irregular oxide scale. 

3.2.2. ZM oxidized structure 

3.2.2.1. Oxidized surface. The entire sample surface (Fig. 10) was 
covered by a continuous dark grey layer that prevented the identifica
tion of any micro or macro defects. This layer was composed of SiO2, 
which formed during the oxidation of MoSi2 according to the following 
reaction:  

ZrB2(s) + 2MoSi2(s) + 5 O2(g) → ZrO2(s) + 4SiO2(s) + 2MoB(s)              (5) 

All three layers displayed similar features and were mainly consti
tuted by ZrO2 grains covered by a SiO2 film (Fig. 10-a). With increasing 
the carbon fibre content, the silica on the surface increased and the 
amount of visible ZrO2 grains decreased. Moreover, some porosity was 

Fig. 9. Morphologies of graded ZSY structure after oxidation at 1650 ◦C in air: (a) lateral exposed surface, (b) polished lateral surface with EDS mapping (oxygen 
signal in red, (c) EDS spectra collected at 5 keV of the polished bulk area. The dark grey phases represent SiO2 (1), the light grey phases are ZrO2 (2) and the grey 
phases are yttrium silicates (3). 
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observed, which likely arose from the evolution of CO below the surface 
due to the oxidation of the outermost fibres. The last layer (50% fibres) 
was characterized by a less smooth surface, with several bumps and 
smaller holes, which were attributed to the higher content of carbon 
oxidation leading to severe bubbling of oxides below the silica layer. 
Three main phases were identified with EDS (Fig. 10-b): a black SiO2 
phase, a white ZrO2 phase, and a grey phase attributed to MoO3. 

3.2.2.2. Polished cross section. The polished cross-section of sample ZM 
is reported in Fig. 10-c. Upon closer examination, it was evident that no 
cracks were present in the interfacial regions between the layers, even 
after the oxidation test. Additionally, the varying degrees of oxidation 
resulting from the difference in carbon fibre volume in the three layers 
were clearly visible. In the first layer, a modified region with a thickness 
of approximately 85 µm was observed. The matrix exhibited a two- 
region structure following oxidation: an outer SiO2 film that reduced 
the oxygen diffusion and an inner ZrO2 structure. Furthermore, the ZrO2 
grains displayed a well-defined columnar structure held together by a 
glassy phase of SiO2. 

The second layer, reinforced with 20 vol% of short carbon fibres, 
showed a modified region with a thickness of approximately 75 µm and 
displayed the same composition and structure as the previous layer. 
However, in this layer the outer edge showed some damage due to fibre 
oxidation. The fibres exhibited a lower degree of oxidation compared to 
the oxidized ZSY sample, likely due to the enhanced protection provided 
by the SiO2 film. In the third layer, reinforced with 50 vol% of carbon 
fibres, fibre oxidation was observed in an area with a thickness of around 
75 µm. However, in this case the protective SiO2 film was very thin, 
leading to significant oxidation of the carbon fibres and deformation of 

the outer profile. 
The matrix composition of the polished bulk layer after oxidation, 

along with the corresponding EDS spectra, is reported in Fig. 10-d. The 
EDS analysis revealed a light grey ZrO2 phase, resulting from the 
oxidation of ZrB2, a white MoO3 phase, derived from the oxidation of 
MoSi2, and a dark grey SiO2 phase, also derived from the oxidation of 
MoSi2:  

MoSi2(s) + 3⋅5 O2(g) → MoO3(g,l) + 2SiO2(s)                                        (6)  

3.2.3. SY oxidized structure 

3.2.3.1. Oxidized surfaces. The surface of the cross section of sample SY 
after oxidation at 1650 ◦C is reported in Fig. 11-a. No newly formed 
cracks were observed at the interface between the different layers after 
oxidation, indicating that the CTE mismatch between the layers did not 
affect the structural integrity. The surface was coated with a dark grey 
film composed of SiO2 which formed as a result of the oxidation of SiC 
according to reaction (4): 

In the first layer, a homogeneous dark grey SiO2 film covered the 
entire sample. Within this film, lamellar Y2O3 phases were observed. The 
surface did not exhibit any visible defect or bubbles. In the second layer 
(20% fibres) the SiO2 film was still visible but without the presence of 
lamellar Y2O3 grains. Moreover, some porosity was observed, likely due 
to fibre oxidation which left some voids behind that were not covered by 
the SiO2 like in the previous two specimens. This behaviour was more 
evident in the third layer (50% fibres), where the SiO2 covered the entire 
area but left a higher number of visible holes due to the fibre oxidation. 

Fig. 10. Morphologies of graded ZM structure after oxidation at 1650 ◦C in air: lateral exposed surface (a), EDS spectra collected at 5 keV of the bulk area after the 
oxidation (b), polished lateral surface with EDS mapping (oxygen signal in red) (c) and EDS spectra collected at 5 keV of the polished bulk area (d). 
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This suggested that the SiO2 film generated during SiC oxidation does 
not possess the passivating and protecting properties of the SiO2 formed 
in the previous specimens, likely due to insufficient mobility of the oxide 
and concurrent reactions between the SiO2 and the SiC substrate and the 
production of SiO. 

The EDS spectra collected on the surface oxide layer revealed the 
same composition for all three layers but with different distributions. In 
the first layer (Fig. 11-b), light grey Y2O3 grains were immersed in a dark 
grey SiO2 phase. In the layers reinforced with fibres (Fig. 11-c), the 
elongated Y2O3 grains were not present, likely due to the porosity 
resulting from carbon oxidation, which hindered grain growth. 

3.2.3.2. Polished cross section. The polished cross-section of sample SY 
is shown in Fig. 11-d. The polished surface confirmed the absence of 
cracks in the interface regions between the layers, even after the 
oxidation test. In the first layer, the SiC matrix appeared mostly unaf
fected, without significant grain growth or formation of new structures. 
The second layer (20% fibres), was characterized by a SiO2 film on the 
outer surface with a thickness of approximately 220 µm, but the internal 
SiC matrix was unchanged. 

However, numerous holes resulting from the carbon fibres oxidation 
were visible in the internal region. These holes created a preferential 
path for oxygen, leading to increased oxygen penetration and a pro
gressively thicker oxide scale going from 140 µm (20% fibres) to 210 µm 

(50% fibres). Moreover, the external edge showed severe damages due 
to material loss caused by the formation of cracks between the holes left 
from the oxidized fibres. These phenomena contributed to increase 
porosity, which could potentially decrease the mechanical properties of 
the material. 

The EDS spectra collected on the polished bulk layer after the test at 
1650 ◦C (Fig. 11-e), revealed the presence of three distinct phases: two 
different grey phases that identified as SiC and SiO2, and a light grey 
phase composed by Y2O3. 

3.3. Oxidized structure comparison: effect of the matrix composition 

By comparing the results obtained for the sample ZSY and ZM, it was 
possible to investigate the effects of the different additives, namely SiC- 
Y2O3 and MoSi2, respectively. Due to the different nature of the matrix 
materials and the simultaneous occurrence of mass gain and mass loss 
phenomena, it was not possible to directly compare the mass loss of the 
three samples. In the ZrB2-based samples, the mass loss was partially 
counterbalanced by the formation of heavier solid oxides, while SiC 
oxidation mostly led to mass loss. EDS mapping analysis of the first layer 
revealed oxygen penetration depths of 70 µm for sample ZSY and 50 µm 
for sample ZM. In the layers below, the oxygen penetration reached 
depths of 120–190 µm for the second and third layers in sample ZS, 
while for ZM it was 100–85 µm for second and third layers, respectively. 

Fig. 11. Morphologies of graded SY structure after oxidation at 1650 ◦C in air: lateral exposed surface (a), EDS spectra collected at 5 keV of the bulk area after the 
oxidation (b), EDS spectra collected at 5 keV of the second layer after the oxidation (c), polished lateral surface with EDS mapping (oxygen signal in red) (d) and EDS 
spectra collected at 5 keV of the polished bulk area (e). 
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These variations in oxygen penetration depth suggest that MoSi2 pro
vided better oxidation resistance compared to SiC-Y2O3. This could be 
attributed to the efficacy of MoSi2 to produce a dense and compact silica 
layer that is compatible with the oxidation products of the boride ma
trix. The difference in mass loss can also be ascribed to MoSi2 forming 
solid oxides, whereas the oxidation of SiC leads to the formation of 
gaseous products like CO. From the Gibbs free energy curves of the 
oxidation reactions, it can be noted that below 1500 ◦C the oxidation of 
the boride matrix is the thermodynamically favoured event even with 
respect to the oxidation of carbon, suggesting that during the heating up 
stage, the ZrB2 matrix of sample ZSY and ZSM is more rapidly oxidised to 
ZrO2 and B2O3, allowing the formation of a protective scale that slows 
down the oxidation of the fibres even at 1650 ◦C, where the latter is 
more favoured. The presence of MoSi2 further enables the oxidation of 
ZrB2 and promotes the early formation of SiO2, which forms eutectic 
mixtures with B2O3 with lower melting points. The presence of Y2O3 can 
also lead to the formation of yttrium silicates, such as Y2Si2O7, whose 
free energy of formation is negative in the investigated temperature 
range but higher than the other reactions. 

The SiC matrix showed minimal oxygen penetration of approxi
mately 2 µm in sample SY. This difference in oxygen penetration, and 
hence oxidation resistance, can be attributed to the excellent oxidation 
resistance provided by SiC at temperatures below 1600 ◦C [49]. This is 
in agreement with thermodynamics data shown in Fig. 12, where the 
oxidation of SiC is among the least favoured oxidation reactions when 
compared to ZrB2. Therefore, the SiC matrix appeared to be a better 
choice as the bulk layer for our oxidation conditions. However, in the 
second and third layers, the SiC-based composite showed oxygen 
penetration depth of 140 µm and 210 µm, respectively, considerably 
higher than ZSY and ZM, highlighting how the similar reactivity of SiC 
and carbon, coupled with the formation of gaseous oxidation products, 
leads to an overall inefficient protection; moreover, the lack of other 
oxides that could form lower melting eutectics leads to the formation of 
SiO2 with very poor mobility that is unable to cover the voids left by the 
fibres oxidation. 

4. Conclusions 

Functionally graded ceramics composed by ZrB2-SiC-Y2O3, ZrB2- 
MoSi2 and SiC-Y2O3 with a varying carbon fibre content (0–20-50%) 
were designed to enhance oxidation resistance on the outer layer while 
minimizing the final density. 

All the investigated samples exhibited defect-free interfaces without 
any cracks within or between the different layers in spite of CTE 
mismatch of the phases across the sample. In all specimens, the partial 
migration of the liquid phase was observed from the bulk layer to the 
20% fibre reinforced layer, which led to the partial degradation of fibres 
in this region. However, this did not negatively affect the structural 
integrity of the material. 

The three-layered structure allowed for simultaneous investigation 
of three different oxidation behaviours in each sample. The oxidation 
tests conducted at 1650 ◦C did not result in the formation of cracks or 
spallation phenomena, demonstrating the good interaction between the 
different layers. MoSi2 was found as the most effective in protecting the 
material from oxidation, both in the bulk layer and in the fibre- 
reinforced layers below, thanks to the formation of a compact SiO2 
scale, showing how even in the event of damage to the outer layer and 
oxygen penetration to the layers below, the material is still protected. 
Sample ZSY was characterized by similar performance, but the oxide 
scale was progressively thicker with the increase of fibre content, while 
sample SY offered protection only in the most external bulk layer, while 
the underlying fibre-reinforced layers were completely unprotected. 

From the results of this work, graded structures offer the best 
compromise to retain high oxidation resistance on the exposed outer 
layer, while maintaining structural integrity and mechanical perfor
mance in the layers below and minimizing the specific weight of the 
material. Even in the event of damage to the outer layer, no spallation or 
detachment between the different scales occurs thanks to the compati
bility between each layer and the high thermal shock resistance. Future 
studies will be focused on finding the optimal ratio between the indi
vidual layers and a full mechanical characterization. 
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