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Abstract  

 

CNES, ONERA and ICB-PMDM have collaborated to develop a Functionally Graded Material (FGM) 

with two different materials selected for their refractory properties: a ceramic as environmental and 

thermal barrier and a metal as structural part. Besides the fact that over the application's temperature 

range, the thermal expansion is twice higher for the ceramic, there is no delamination in the FGM 

elaborated by plasma spraying process. This is still the case after thermal cycling under inert 

atmosphere at 2073 K and after undergoing a parietal heat flow in a burner ring facility (flame up to 

2300 K / 10 bar). 
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1. Introduction 

Anhydrous hydrazine, widely used as monopropellant in spacecraft thrusters, has been declared as suspected toxic, 

mutagen and carcinogen for humans and could be prohibited by the European Regulations REACh in the 2020s. 

Thereby, CNES has engaged the development of a new low-toxicity and high performance “green” monopropellant 

inducing harsh operating conditions. Indeed, the flame temperature will be increased up to 3000 K with oxidising 

combustion gases. Moreover, to further optimise engine performance, no film cooling will be used. Thus, these two 

demanding specifications induce the development of new materials. 

 

Most of studies dedicated to the development of material for chemical combustion thrusters were realised in the 

nineties to replace the silicide coated niobium chamber whose use was limited to 1643K [1]. Studies reported tests 

with oxidative flame on cooling or non-cooling chamber configurations and pointed out that metallic chambers made 

of iridium coated rhenium have better performance than ceramic matrix composites such as SiC/SiC (limited to 

1973K due to the protective silica film which degrades rapidly) [1]. Also, the addition of a ceramic oxide overlayer 

on the inner surface of iridium/rhenium chambers has been reported to significantly improve their oxidation 

resistance [2,3], thereby allowing more oxidising operating conditions, higher temperatures, and enhanced life up to 

2473K. However these chambers also had some defects such as rhenium diffusion into iridium layer and spalling of 

the ceramic coating [4–6] or very limited time and number of cycles before total failure [7]. Besides this, its seem 

that a thicker ceramic oxide layer (~850µm) would be more impermeable to oxygen, but present more macro-

cracking, than a thinner one (~25µm), suiting better for repeated thermal cycling [8]. 

More recently, an Iridium-Aluminium intermetallic as material for ablation resistance showed very interesting 

properties [9,10].  

 

CNES, ONERA and ICB-PMDM have been working for several years in close collaboration on the designing of 

such a tough material. To fulfil functional specifications, the development was oriented on the processing of a 

Functionally Graded Material (FGM) instead of duplex coating (Figure 1). Two ultra-refractory materials were 

selected: one is a ceramic oxide which can handle oxidative environments and very high operating temperatures (up 

to its melting point 3031K) but with relatively poor mechanical properties compared to the second material. Indeed, 

the structural part is made of a refractory metal with high melting point but low oxidation resistance. It is important 

to notice that these two complementary materials have a significant difference of their average thermal expansion 

coefficient over a wide range of temperature (>5.10-6 K-1 between 293 and 2273K). Even though, the average thermal 

expansion of the stabilised hafnia [11] is higher than those of the metal, the latter was preferred to a monoclinic 

hafnia to avoid the cubic to monoclinic transformation leading to a volume expansion about 3% [12]. Thanks to its 

gradual thermomechanical properties change, the objective of the intermediate layer is to smooth materials properties 

differences, such as thermal expansion (mismatches generally lead to high levels of thermal stresses). Thus, this 

solution allows in fine to bring down the spalling between layers [13–16]. 

 

Among the wide range of techniques used to elaborate FGM [17], the Air Plasma Spraying (APS) process was 

selected. Widely used to obtain Thermal Barrier Coatings (TBCs) [18,19] and Environmental Barrier Coatings 

(EBCs)[20], it is also applied to manufacture complex shapes. Thanks to the microstructure brought by this process 

as porosities and micro cracks, it allows to reduce thermal conductivity and thus, to improve thermal shock and 

thermal cycling performances [21]. The graded multi-layered materials have been designed and processed in a 

manner to prevent, for these first tests, delamination during thermal loading in service conditions. In this way, 

design criteria were based on minimising radial constraints [22–24].  

 

This paper presents the elaboration of several innovative material solutions for combustion chambers and their 

behaviour under two different thermal cycling tests. One carried out on a CO2 laser facility under vacuum and the 

other with a burner ring under representative atmosphere and pressure. The effect of several parameters such as 

ceramic thickness and temperature of thermal treatment on cracks morphology will be discussed. 

       
(a) (b) 

Figure 1 : Schematics and micrographs of an as-sprayed duplex coating (a) and a FGM (b) 
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2. Experimental procedures  

2.1. Specimen preparation 

Ceramic/metal functionally graded systems were atmospheric plasma sprayed with Yttria Stabilised Hafnia from 

Marion Technologies (12%mol. Y2O3 with D50=1µm) for EBC/TBC layer and metallic powders for the structural 

layer. The large density difference of these two compounds leads to unequal penetration trajectories into the plasma 

plume. Therefore, instead of only controlling the rates of two pure powder feeders [25,26], pre-alloyed composite 

powders were used to obtain intermediate compositions and a final homogeneous and continuous FGM material with 

different spraying parameters. Characteristics of samples are summarised in Table 1, showing that several 

thicknesses of ceramic layer were elaborated to be tested and compared as well as the FGM transition. Systems 

comprise between 5 and 7 graded layers mostly based on the optimisation design results linked to the different 

ceramic thicknesses used but also on the process feasibility. In any case, it was enough to obtain a continuous FGM 

layer in which it was difficult to identify and measure the thickness of each layer.  

 

Table 1: Graded structures and sizes of coatings after Consolidation Thermal Treatments (CTT) 

  Type-A Type-B Type-C Type-D Type-E Type-F 

 Ref. ONERA PBTT PCTT Config.1 Config.2 Config.3 Config.4 

Thickness (µm) 

YSH 206 379 192 179 159 65 

FGM 448 589 563 534 452 488 

Metal 557 561 1242 1223 1024 980 

CTT (K)  2273 2273 2273 2273 1873 2273 

FGM transition  soft soft steep soft soft soft 

 

Materials were sprayed onto different kinds of substrates shown on Figure 2. For CO2 laser tests, molybdenum pieces 

of 20mm diameter were used because of their dissolution property in cold diluted nitric acid (Figure 2 (a)). For 

Mascotte tests, specific pieces which can be screwed in the sample holder were made in the same metal than the 

selected structural layer to have the same thermal properties than the first layer and to avoid delamination during 

CTT (Figure 2 (b)). 

Before deposition, all the substrates were grit-blasted using alumina balls.  

 

 
 

 
 

(a) 

 

(b) 

Figure 2 : Macrographs of a CO2 laser test sample (a) and a Mascotte test bench sample (b) 

 

The use of thermal spray under air (APS) was motivated by its practicality, the good management of substrate 

temperature and the great coating ceramic quality compared to vacuum one (VPS). However it leads to a partial 

oxidation of the melted metal powder during the transport from the plasma plume to the substrate bringing to 

intersplat oxide species and splat decohesion. Thanks to some thermodynamic calculations of oxides stability (HSC 

Chemistry v8.0), an appropriate thermal treatment was applied to eliminate metal oxides and consolidate the material 

(Figure 3). Two heat treatment temperatures were investigated to study their influence on the microstructure and on 

the overall performances under thermal cycling (samples characteristics in Table 1).  

 

Microstructures of both as-processed and thermally treated materials were analysed by Scanning Electron 

Microscopy on cross-sectioned samples and the Energy Dispersive X-ray analyser was used for X-ray maps.   
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2.2. CO2 laser test bench 

 

The heat flow is imposed at the centre of the top surface of a sample by a high power continuous CO2 laser beam 

(3kW) as represented in Figure 4 (a). The heat flow distribution provided on the specimen surface by the laser was 

found to be Gaussian shaped. For each sample, a preliminary test was used to optimise the required power to reach 

the targeted temperature given by a mono (1µm) and a bi-chromatic pyrometer (0.9 and 1 µm). The measured 

emissivity was closed to the one given by Del Campo et al. (ε~0.55 at 2170K), respectively between 0.55 and 0.75 

for the tested samples and was highly dependent on their roughness [27]. The thermal cycle controlled by the power 

allows avoiding power peaks during test on FGM that could happen with a temperature monitored mode when there 

are surface modifications as spallation or oxidation. This test bench was used to subject samples to thermal cycling 

and also to evaluate their thermal shock behaviour (in primary vacuum to avoid the oxidation of metal). 

For thermal cycling tests, a ramp of 8 W/s and a maximal power of 200 W leading to a maximum temperature of 

2093 K and a heat flow of 1.13 MW/m² were reached in 25 s and applied during 100 s. This cycle was repeated three 

times with a cooling step down to ambient temperature between each cycle as shown in Figure 5 (a). 

For the thermal shock tests, a cycle with a maximum temperature of 2300 K corresponding to a maximum laser flux 

of 2.15 MW/m² was obtained in 33 s and maintained during 100 s (Figure 5 (b)). 

For both of these thermal tests, post-test SEM and optical examinations of the cross-section of samples were 

analysed. Considering such thermal and atmosphere conditions, no continuous analyses were possible. 

 

 
 

 
 

(a) Schema of the CO2 laser test bench 

 

(b) View during the heating step of a thermal cycle 

 

Figure 4: The CO2 laser test bench : (a) schematic view, (b) observation of the heated sample during a test 
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Figure 3 : Typical consolidation thermal treatment to release metal oxides 
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(a) 

 

(b) 

 

Figure 5: Typical temperatures and power ramps during test (a) thermal cycle, (b) thermal shock 

 

 

2.3. Mascotte test bench 

 

The Mascotte bench is a large facility. Its biggest part is dedicated to the management of the oxidiser (O2(g) or O2(l)), 

the fuel (H2(g) or CH4(g)) and the servitude fluids (He, N2, LN2, H2O). The core of the facility is the “reactor box” of 

which several versions were developed to answer to specific fields of research (e.g. atomisation-combustion, new 

propellants assessment, over expanded nozzles, ignition, high frequency instabilities, etc.). Indeed, this bench was 

originally dedicated to combustion studies and for the first time, Mascotte is used to investigate the performances of 

materials. Thus a significant part of the study was dedicated to the design of a specific samples holder which allows 

tightness of the chamber enduring 10 bar Figure 6 (a). It also had to be non oxidisable with high calorific capacity 

and high melting point (copper was selected). In this case, Mascotte uses the high pressure-high mixing ratio box 

(Bhp-HrM) (Figure 6 (b)). This chamber is made of steel (melting temperature of ~1700K). Several temperatures 

flames were tested thanks to oxygen and hydrogen flows variations as 1500, 2000 and 2300K. The test bench is 

modular and for the two firsts operating points, the samples holder was placed close to the injector, just after the 

flame and thus exposed to combustion products, essentially H2O, H2, OH (Table 2) and some ionic products. For the 

highest operating point, we have met some facility issues and besides the great behaviour of the FGM samples, the 

samples holder was moved away from the flame to avoid melting of the chamber.  

Instrumentation on this kind of facility is complicated. In this case, samples were weighted and measured before and 

after each tests, and the surface observed by a binocular. Post-test observations consisted of SEM and optical cross-

section observations of samples and the analyses of cracks morphology by an image analysis with Image J on optical 

micrographs. 

 

Each firing time is constituted of a primary step of ignition during 10 s and a second step of test during 15 s. During 

the first step, samples are subjected to a high temperature flame and thus, to a severe thermal shock as shown in 

Figure 8. The effective test period is during the stable step with desired temperature flame and thus previous 

calculated products species. Throughout the shot, materials endure 25 s of high temperature flame and oxidising 

products under a pressure of 10 bar. Each sample was exposed to the flow 100 s (cumulated time). 

 

  

(a) View of the samples holder (2 samples/ 4 thermal fluxmeters) 

 

(b) View of the Mascotte test bench 

 

Figure 6: Mascotte facility in materials performance test conditions 

 

0

50

100

150

200

250

300

350

400

450

0

500

1000

1500

2000

2500

3000

0 200 400 600 800 1000 1200

P
o

w
er

 (
W

)

T
em

p
er

a
tu

re
 (

K
)

Time (seconds)

Monocolor pyrometer Bi-color pyrometer Power

0

50

100

150

200

250

300

350

400

450

0

500

1000

1500

2000

2500

3000

50 100 150 200 250 300 350

P
o

w
er

 (
W

)

T
em

p
er

a
tu

re
 (

K
)

Time (seconds)

Monocolor temperature Bicolor temperature Power

DOI: 10.13009/EUCASS2019-346



Louise Sévin & al 

     

 6 

 
               

Figure 7: Schematic cross-section view of the Mascotte facility 

 
Table 2: Calculated equilibrium flame temperatures and average quantities of produced species (without He film cooling) 

bringing by pre-defined reactants proportions 

 Mass fraction 

Flame temperature (K) H2O H2 OH- H+ 

1500 0.64 0.36 - - 

2000 0.74 0.26 3.9.10-5 7.5.10-5 

3000 0.79 0.21 3.8.10-4 3.5.10-4 

 

 

 
Figure 8 : Evolution of temperatures,  pressure and  gas flows during a test with a temperature flame of 2000 K  

3. Results 

3.1. Microstructure of as-processed FGM 

 

As–processed samples with the largest and thinnest ceramic thicknesses respectively Figure 9 (a) and (b) show micro 

cracks and porosity which are typical microstructures of Air Plasma Sprayed materials [28]. They also contain some 

unmelted particles related to a non-sufficient calorific plasma plume. Most of the porosity in the specimen type F 

comes from the pull out of some splats during the polishing step. They both show an homogeneous microstructural 

transition in the FGM layers where the microstructure is characterised by the gradual change replacement from pure 

metal at the bottom, then metal  matrix to ceramic matrix and then pure ceramic with increase in the fraction of 

ceramic phase from the bottom to the top surface. This is noticeable by the grey nuances in Figure 9 thanks to the 

difference of the molar mass of YSH and the metal and in the X quantitative elements maps in Figure 10.  

 

Bi-chromatic 

pyrometer

Silica window

Fluxmeter

(type A)

Fluxmeter 

(type A)

Thermocouple

Oxidising flame

Chamber wall

Samples holder

Fluxmeter (type B)

Fluxmeter (type B)

Samples

He film cooling

0

10

20

30

40

50

60

70

80

90

100

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

20 25 30 35 40 45 50 55 60

F
lo

w
s 

(g
/s

) 
-

P
re

ss
u
re

 (
1
0

5
P

a)

T
em

p
er

at
u
re

  
(K

)

Time (s)

Thermocouple

Pyrometer

Measured oxygen flow

Measured hydrogen flow

Chamber pressure

DOI: 10.13009/EUCASS2019-346



 

     

 7 

 

 

(a) Type B 

 

(b) Type F 

Figure 9: SEM images of  cross-sections of as sprayed materials with two different ceramic thicknesses  

(respectively 379 and 65 µm) 

 

The Figure 10 allows assessing the homogenous gradient layer. Indeed, it is difficult to distinguish each type of 

layers. There is a good adhesion providing high quality of deposition and no delamination obsvered between each 

layer. The analyse of SEM observation and metal and oxygen maps highlighted that sample presents some porosities 

and that the oxygen is present in the metal layer in two different forms as metal oxides between metal spats, and as a 

pollution (analysed as Al2O3 particles from sample holder). Also, the ceramic layer seems to contain different and 

inhomogeneous amount of yttrium in Yttria Stabilized Hafnia (YSH) particles bringing different thermo-mechanical 

properties. 

 

     

(a) BSE (b) Me (c) O (d) Hf (e) Y 

Figure 10: SEM observation and X-ray quantitative maps of each elements of the as-processed type A material 

 

3.2. Materials after thermal consolidation 

 

A specific thermal treatment (Figure 3), which had as first aim to eliminate metal oxides, was applied to the samples. 

Indeed, Figure 11 (b) indicates clearly the presence of metal oxides at the inter-splat area. After the thermal treatment 

the oxygen X-ray map does not show any content of oxygen Figure 11 (c). 

 

  
(a) Oxygen ray cartography as processed 

 

(b) Metal ray cartography as processed 

 

  
(c) Oxygen ray cartography after thermal treatment 

 

(d) Metal ray cartography after thermal treatment 

 

Figure 11: EDX cartography of metal layer as processed (a) oxygen (b) metal and  

after thermal treatment (c) oxygen (d) metal. 

Moreover, an analysis concerning the distribution of metal and hafnium still shows a homogeneous gradient without 

any element diffusion and good adhesion between layers (Figure 12). 

400 µm

200 µm 200 µm
200 µm 200 µm 200 µm

5 µm 5 µm

5 µm 5 µm
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(a) SEM (b) Me 

 

(e) Hf 

 
Figure 12: SEM and EDX cartography of a thermally treated sample (type A) 

 

This thermal treatment also points out that compared to duplex coatings (Figure 13 (a)), functionally graded samples 

does not show neither horizontal cracks nor delamination which indicates a potential improvement of life (no 

spallation behaviour). However, thermally activated time dependent viscoplastic phenomenons, sintering, stress-

relaxation and creep lead to tensile loads [29] and causes the initiation and growth of surface cracks also known as 

vertical cracks Figure 13 (b) and (c).  

 

   
(a) Duplex coating (b) Type B (c) Type F 

Figure 13: Comparison between duplex and FGM samples after TTC 

 

The effect of ceramic thickness and temperature of the thermal treatment on the normalised crack length (ratio of 

cracks length to the ceramic thickness) and on the normalised cracks spacing (ratio of cracks spacing to the ceramic 

thickness) were studied and respectively reported in Figure 14 and Figure 15. 

Figure 14 shows that regardless of the ceramic thickness all cracks go through the ceramic layer and reach the FGM 

layer. However, some linear conclusions can be draw from this study. The smallest the ceramic thickness, the largest 

the normalised cracks length is. It is also possible to conclude that the smallest the ceramic thickness, the largest the 

normalised cracks spacing is. 

Comparing samples with different temperatures of thermal treatment, a lower temperature seems to lead to a FGM 

with longer and more distant normalised cracks. 

From these analyses it is really difficult to discriminate a design for ceramic thickness or for the temperature of the 

thermal treatment because of the large error type bars on the results recorded just right after the thermal treatment. It 

is important to keep in mind that surface crack propagation is induced by sintering, creep and thermal expansion 

mismatch.  
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Figure 14: Normalised cracks length and cracks spacing to ceramic thickness for different ceramic thicknesses  

(samples after thermal treatment) 

 

 
Figure 15: Normalized cracks length and cracks spacing to ceramic thickness for two different  

temperatures of the thermal treatment 

 

3.3. Thermal fracture behaviour under inert atmosphere 

 

To study the performance of samples with two different ceramic thicknesses under thermal cycling and thermal 

shock, a heating flux provided by a CO2 laser was used. Tests were carried out under vacuum to overcome the metal 

oxidation which would be predominant without a specific sample holder to protect the lateral sides of the cylindrical 

sample. 

Figure 16 shows typical damages observed in samples type A and type B after thermal treatment, thermal cycling at 

2093K and thermal shock at 2300K. The SEM examinations of the cross-sections of samples point out the vacancy 

of horizontal cracks or delamination after thermal treatment, and thermal cycling. However, after thermal shock at 

high temperature (2300K), in sample type A, it appears some short deflected cracks in the dense part of the metal 

layer in the direction parallel to the surface. Both samples have generated vertical cracks propagating through the 

ceramic thickness which reach the graded layer.  

 

 

 

 

 

 

 

 

 

 

DOI: 10.13009/EUCASS2019-346



Louise Sévin & al 

     

 10 

  
(a) Sample type A after thermal treatment (b) Sample type B after thermal treatment 

  
(c) Sample type A after thermal cycling at 2093K (d) Type B after thermal cycling at 2093K 

  
(e) Type A after thermal shock at 2300K 

 

(f) Type B after thermal shock at 2300K 

Figure 16: Microstructure observation by SEM of samples after thermal treatment for type A (a) and type B (b), after 

thermal cycling at 2093 K for type A (c) and type B (d), and after thermal shock at 2300K type A (e) and type B (f) 

 

This kind of fracture behaviour has been extensively reported in TBC, EBC and FGM thermal cycling studies 

[13,29–31] allowing an explanation of the phenomenon. The numerical analysis carried under Comsol 

Multiphysics ® a cylindrical sample submitted to a heating step from ambient temperature to 2273K and a cooling 

from 2273K to ambient temperature with 3 different ceramic thicknesses is presented Figure 17. The resultant 

constraints during heating point out that the top surface of samples is in large compressive stress state. During 

cooling, the resulting strain becomes tensile. The change from compression to tension seems large enough to 

overcome the fracture strength of YSH and causes vertical cracks. For larger ceramic thicknesses, it seems that the 

higher tensile stresses do not occur at the shallow surface contrary to thinner ceramic layers and that their tensile 

magnitudes are lower. 

 
Figure 17: Visualisation of the compression load during heating process and tension load during cooling process  
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The vertical cracks correspond to a mode I and the related stress intensity decreases as the crack extends into the 

material. However cracks which deflect toward the direction parallel to the surface correspond of mode II stress 

intensity. Thus, it seems possible to control the crack propagation by keeping the stress intensity factors of the mode 

II equal to zero. That could be possible by designing the optimised layers composition. 

 

 

3.4. Material behaviour under service atmosphere and pressure 

 

The Mascotte facility has been used to show off under representative atmosphere (water vapour) and pressure the 

design parameters which have an impact on the performance of FGM. Samples type D have been identified as 

reference samples. All the other samples of this batch have only one difference with these latter. Type C has a FGM 

with a steep transition compared to type D, while type E has been thermally treated with a different maximum 

temperature (1873K), and type F with a different ceramic thickness. It was also the opportunity to check the impact 

of the vertical cracks on the oxidation that it is known to promote spallation [32].  

After tests, all the samples show neither size nor mass variation and the top surface of samples studied thanks to a 

binocular does not show any spallation.  

Before the limitation of the facility, the reference samples could be tested at the highest temperature flame allowing 

the comparison of its microstructure and cracks propagation for all temperature flame.  

 

Thus, as shown in Figure 18, cross-section microstructure observations of samples type D display only vertical 

cracks. Given that there is no oxidation of the metal part, and no oxide formation during these thermal cycles, besides 

the presence of verticals cracks through the ceramic layer to the graded layer composed of metal, it can be concluded 

that for this limited duration of test, they are not detrimental on the lifetime under oxidant atmosphere. Moreover, 

this kind of vertical cracks is effective in reducing thermal stresses without changing the heat resistance of samples 

and so the design of functionally graded material must include verticals cracks while controlling their propagation to 

prevent spallation [33].  

 

    
(a) After TT 

 

(b) After Mascotte-1500K 

 

(c) After Mascotte-2000K 

 

(d) After Mascotte-2300K 

 

Figure 18: Microstructure observations by SEM of samples type D after thermal treatment (a), after Mascotte cycling at 

flame temperature of 1500K (b), after Mascotte cycling at flame temperature of 2000K (c), after Mascotte cycling at flame 

temperature of 2300K (d) 

For the sake of brevity, the comparison between the reference samples and the other has been carried out for a flame 

temperature of 2000K. 

 

In comparison to a soft FGM transition, having a steep transition seems to bring larger and more distant normalised 

cracks than the reference samples as-thermally treated (Figure 19 (a)). After test at the operating atmosphere 

condition, the type D seems more sensitive and is subjected to more progression of these cracks, longer and closest. 

It is important to note that after test, cracks have a wide dispersion in terms of length and distance between them. 

Then the comparison between samples with different temperatures of thermal treatment (Figure 19 (b)) pointed out 

that besides a lower thermal treatment temperature, the sample seems to have longer but more distant cracks. The 

low progression after thermal cycles of normalised cracks for type E could involve a better resistance to thermal 

cycling than type D. The sample with the thinnest ceramic layer has the longest and distant normalised cracks. 

 

400 µm
400 µm 400 µm 400 µm
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(a) Impact of FGM transition (b) Comparison of temperature thermal treatment 

 
(c) Comparison of ceramic thickness 

 
Figure 19 : Side-by-side comparison after Mascotte thermal cycling at flame temperature of 2000K (a) control sample 

versus sample type C, (b) control sample versus sample type E and (c) control sample versus type F 

 

After these first rounds of tests it is quite difficult to discriminate the samples, but some trends are showing up, like 

the temperature of thermal treatment and the necessity or not to have totally consolidated samples, and also their 

ceramic thickness. 

 
 
4. Conclusion 

 

Homogeneous gradient structures made of YSH and metal have been obtained by Plasma Spraying under air. The 

presence of inter-splat metal oxides was not an issue because of their easy elimination during an appropriate furnace 

thermal treatment. Moreover, despite the fact that samples contain two materials with a large difference in coefficient 

of thermal expansion, they exhibit a great resistance towards high temperature thermal cycling. The presence of 

vertical cracks due to the thermal treatment does not affect the performance and on they even allow a thermal stress 

relaxing, improving thermal shock resistance. Also, no oxidation was noticed even though the presence of vertical 

cracks. This could be explained by the compression stress during heating that closes these cracks.  

 

Indeed, the mechanisms of cracks formation and propagation, in both environment tests (inert and oxidant 

atmosphere), correlate with previous studies. During heating, the top surface of sample is in large radial compressive 

stress state in which sintering and creep can induce non-linear deformation. During cooling, the radial stress becomes 

tensile whose magnitude is large enough to reach the fracture strength of ceramic leading to vertical cracks.  

Moreover, the deflection of the cracks in the direction parallel to the surface plane appears when mode II stress 

intensity factor reach the value zero. Their coalescence will lead to spallation. Thus, it seems achievable to stop 

cracks propagation with optimised composition layers having high fracture strength. Currently measurements of 

mechanical properties of pure and composite compositions such as fracture strength and young modulus at high 

temperature are undergoing. They will allow proposing an optimised design combined to a numerical thermo-

mechanical model and an optimisation algorithm. 

 

Future performance tests will involve the use of the CO2 laser test bench in a water vapour controlled atmosphere 

with high heat flux and various thermal cycling. Different designs and elaboration conditions will be tested by 

varying parameters such as the ceramic thickness (75, 150, 400, 800 µm), the thermal treatment (different maximum 

temperatures and pressures) and the gradient profile. This will allow discriminating some design parameters having 

an impact on the cracks propagation and possible oxidation. 
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