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1 Executive summary 
 
The new concept of self-healing thermal barrier coatings (TBCs), made of novel MoSi2 
particles encapsulated with Al2O3 embedded in Yttria Stabilized Zirconia (YSZ), is 
demonstrated in the SAMBA project. Autonomous repair occurs of crack damage that evolves 
in the TBC during thermal cycles as experienced in service of turbine engines for power 
generation and airplanes. 
 
The MoSi2 particles are alloyed with boron to promote the kinetics of the healing reaction and 
filling of the crack gap with amorphous silica that reacts to crystalline zircon. Three different 
methods have been developed to encapsulate the healing particles with alumina, which 
prevents premature oxidation and aids the triggering of the healing reaction when interacting 
with a crack. For manufacturing the self-healing TBC by atmospheric plasma spraying, 
encapsulation by selective oxidation of aluminium, added to the healing particles, proved to 
be most successful. The core of the encapsulated and embedded healing particles remained 
intact when exposed to high temperatures in air for long times. The size distribution of the 
alloyed MoSi2 particles was optimized by wind sifting. Both the manufacturing of the alloyed 
healing particles and the method of encapsulation are filed for patent. A new method to 
manufacture the self-healing TBC by plasma spraying with double injection has been 
developed, allowing simultaneous deposition of the YSZ matrix and the alloyed MoSi2 
particles onto a turbine engine component. Also, this method is filed for patent. 
 
Advanced characterization techniques have been employed to guide the design and 
development of the self-healing TBC and to determine their microstructure features and 
properties. The physics and chemistry of the healing mechanism have been established and 
the crack gap filling is determined. The effect of embedding the MoSi2 healing particles into 
the TBC has a small effect on its functional and mechanical properties.  
The crack-particle interaction is studied and simulated by fracture mechanical modelling. The 
obtained knowledge is used to develop a simulation tool to detail the design of the self-healing 
TBC in terms of volume fraction and size of the healing particles as well as its configuration. 
This simulation tool is made publicly available and allows to predict damage and healing 
evolution during service and ultimately the lifetime of TBCs. 
 
In furnace cycle tests (from 100 up to 1100 C), mimicking TBCs in applications, the crack 
damage evolution due to mismatch in thermal expansion is determined. Cracks run into the 
TBC where the self-healing mechanism can be triggered. This is even more pronounced when 
healing particles are embedded in the bottom part of the TBC. X-ray computed tomography 
and non-destructive thermographic analysis revealed the evolution of crack damage and the 
effect of the self-healing particles.   
 
The lifetime of the self-healing TBC in the furnace cycle tests compared to a similar TBC but 
without healing particles, was prolonged and the scatter in the lifetime data reduced making 
the self-healing TBC more reliable. Further extension of the self-healing TBC lifetime can be 
expected when increasing the volume fraction of healing particles. This may be achieved when 
the composition of the alloyed MoSi2 healing particles is made more uniform and their shape 
more spherical.  
The first campaign of self-healing TBC showed an increase of lifetime by a factor of 2 to 3, 
which offers a promising perspective to bring this concept to the market. To this end, the 
manufacturing of both the healing particles and the new process of plasma spraying must be 
made robust and hence reproducible. Nevertheless, the results are very promising with an 
overall average increase of 22% prolongation of the TBC lifetime when applying SH TBC. 



2 Summary Description 
 
This summary description is divided into three sections:  
 
1. Context; 
2. Objectives; 
3. Project set-up. 
 
It will give an overview of the performed work and results of the SAMBA project. 
 

2.1  Context 
 
This project deals with the creation of a new, unique self-healing thermal barrier coating (TBC) 
for turbines and other thermally loaded structures in order to realize a significant extension of 
the lifetime of critical high-temperature components. The concept is based on novel Al2O3 
coated MoSi2 particles embedded in the TBC layer, typically consisting of yttria-stabilized 
zirconia (YSZ). As the current TBCs do not exhibit any self-repair, the new self-healing TBC 
will offer a reduction of the number of TBC replacements during an engine lifetime and 
enhance the reliability of the critical components. 
Thermal barrier coatings are applied to metallic surfaces of combustion chambers, blades and 
vanes in gas turbine engines used for propulsion and power generation to allow for higher 
operation temperatures; see Figure 1.  
 

 
 
Figure 1 Turbine blades, vanes and combustor liners coated with TBC (white-yellow material) 
in GE’s GT26 gas turbine engine. 
 
This thermal barrier is crucial to enhance the engine’s fuel efficiency and consequently to 
reduce the emission of greenhouse gasses. The turbines and the TBCs experience severe 
thermal cycles spanning a range of over 1000 °C due to starts and stops of an engine or 
installation. During cooling from the operation temperature to room temperature, high stresses 
develop due to a mismatch between the coefficients of thermal expansion of the metal 
substrate and the ceramic TBC. In time, these stresses result in the development of crack 
patterns in the TBC that coalesce and ultimately lead to failure. Cracks that run through the 



TBC perpendicular to its surface are not detrimental per se, but in conjunction with cracks that 
develop parallel to the interface they lead to spallation (i.e. fragmentation) of the TBC, directly 
exposing the substrate to the high-temperature environment. 
 

2.2  Objectives 
 
The primary goal of this project is to realize and optimize the self-healing capacity of thermal 
barrier coatings with MoSi2 dispersed particles for application in aero engines and industrial 
gas turbine engines to prolong the lifetime of their components. This is achieved through a 
combined theoretical, experimental and modelling approach of a new, innovative self-healing 
concept. Upon local fracture of the TBC, these particles fill the crack initially with a glassy 
phase that subsequently reacts with the matrix to form a load bearing crystalline ceramic 
phase. This self-healing concept can be exploited to other high temperature structural 
ceramics as well.  
 
This project aims to prolong the thermal barrier coating lifetime by 25 % through autonomous 
self-repair of occurring crack and delamination damage upon service (demonstrated in a 
furnace thermal cycle test). Further, the project aims to improve European industry 
competiveness by designing a new generation of affordable self-healing materials and 
associated manufacturing technologies. A significant economic benefit can be obtained by 
reducing the number of TBC replacements in critical turbine engine components. 
 
The concept is based on novel Al2O3 coated MoSi2 particles embedded in the TBC layer, 
typically consisting of yttria stabilized zirconia (YSZ) as shown in Figure 2. Upon high-
temperature exposure in an oxidising environment the embedded MoSi2 particles react to 
form a viscous silica (SiO2), which fills the cracks and re-establishes adherence in the TBC. 
Subsequently the SiO2 reacts with the matrix forming zircon (ZrSiO4), which is a load bearing 
and solid crystalline ceramic phase.  
 

 
 
Figure 2 Schematic of crack-healing mechanism in a thermal barrier coating (TBC) with 
encapsulated Mo-Si based particles. The TBC system comprises a superalloy substrate with 
a bond coating (BC), which produces a thermally grown oxide (TGO) during service, and the 
modified yttria-stabilized zirconia (TBC). Upon oxidation of a cracked Mo-Si based particle, 
silica (SiO2) fills the crack over a long distance. 
 
This new concept involves the creation of an inert, oxygen impenetrable, shell of alumina 
(Al2O3) around the actual healing agent, which prevents premature triggering of the healing 



reaction. With this approach, the healing mechanism will become active only when a crack 
penetrates the alumina shell. 
The research is focused not only on not just creating the new particles but also on the 
production and testing of complete TBC systems and a quantitative determination of the 
lifetime extension of such a new coating system. The research is also focused on qualitative 
and quantitative understanding of the mechanisms of damage development and crack healing 
in TBCs. Modelling of these mechanisms, using input from state of microstructure and 
properties analysis techniques as well as microstructure and crack imaging techniques, 
enabled design and optimize the new self-healing TBC system. 
 

2.3  Project set-up 
 
The activities of the project can be categorized in four main areas: 
 
1. Concept and Design; 
2. Manufacturing of self-healing TBC; 
3. Properties of self-healing TBC; 
4. Thermal cycle performance; 
 

 
 
Figure 3 SAMBA project consortium highlighting their key competences; see for abbreviations 
Table 1. 
 
 
  



The consortium to carry out this project consisted of leading European academic and industrial 
parties in the field of thermal barrier coating design, manufacturing, characterization and 
lifetime assessment as well as end-users; see Table 1 and Figure 3. 
 

 
Table 1 Project beneficiaries. Notes: 

- Partner 9 (PEPM) has left the consortium and all tasks have been transferred to the 
coordinator; 

- Partner 7 (Volvo Aero Company) has been taken over by GKN Aerospace; 
- Partner 6 (Alstom Power) has been taken over by GE. 

 
 
 
  

Beneficiary 
Number  

Beneficiary 
name 

Benefi
ciary 
short 
name 

Beneficiary 
type 

Country Date 
enter 
project 

Date 
exit 
project 

1 
(Coordinato
r) 

Technische 
Universiteit Delft 

TU 
Delft 

University 
Netherla
nds 

M1 M48 

2 
Forschungszentru
m Jülich 

FZJ 
Research 
Institute 

Germany M1 M48 

3 
University of 
Manchester 

UM University 
United 
Kingdom 

M1 M48 

4 
Institut National 
Polytechnique de 
Toulouse 

INPT 
Research 
Institute / 
University 

France M1 M48 

5 
Ricerca Sul 
Sistema 
Energetico 

RSE 
Research 
Institute 

Italy M1 M48 

6 Alstom Power AP 
Multinational 
industry, end-
user 

Switzerla
nd 

M1 M48 

7 
Volvo Aero 
Company 

VAC 
Multinational 
industry, end-
user 

Sweden M1 M48 

8 
Flame Spray 
Technology 

FST 
SME; coating 
manufacturing 

Netherla
nds 

M1 M48 

9 
Professional 
European Project 
Management 

PEPM 
Management 
SME 

Netherla
nds 

M1 M12 



3  Scientific and Technology Results 

 
The Scientific and Technology Results follow the structure of the project and will present the 
results from the four main areas. Finally, the next steps will be identified in relation to what 
needs be done in order to bring these results to the market.  
 

3.1 Concept and Design 
 
The self-healing TBC is applied to a nickel based superalloy (Hastalloy X) coated with a 
NiCoCrAlY bond coating. To provoke delamination cracks to run into the TBC, where the self-
healing can be triggered, a rough interface with the bond coating is created.  Such interface 
by it selves already prolong the lifetime of the TBC system.  
 
The healing particles are made of MoSi2 alloyed with 1-2 wt% boron to enhance the formation 
of SiO2 as well as to promote its amorphous rather than crystalline structure. It has been 
demonstrated that both these aspects are beneficial for filling of the crack gap and zircon 
formation. For effective self-healing, the volume fraction of these particles in the bottom part 
of the TBC is estimated to be about 10 %, when the average particle size is in the range of 20 
to 30 micron. In order to prevent premature oxidation of the healing particles, different routes 
for encapsulation have been explored. Soft chemical methods (precipitation and sol-gel) to 
coat the particles with boehmite and subsequently calcination to form -Al2O3 were 
successful and can be used when making self-healing TBC or other high temperature 
ceramics.  
 
However, when applying self-healing TBC with plasma spraying techniques, as done in the 
SAMBA project, an alternative method is preferred. Then the encapsulation is realized by 
selective oxidation of aluminium, which besides boron is also alloyed with the MoSi2 
particles. The in this project developed in situ encapsulation method comprises a post high 
temperature annealing treatment at low oxygen partial pressure of the deposited self-healing 
TBC. As can be seen in Figure 4, the alloyed healing particles is fully encapsulated by a 
shell of alumina Al2O3; cf. Figure 4(g) and 4(h). 
 
 

 
Figure 4 Micrograph and X-ray maps of the as-deposited and annealed self-healing TBC 
recorded with scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy 
(EDS): (a) cross-sectional image (backscattered electrons (BSE); (b) X-ray map of Zr (green) 
and Si (red) of the TBC; (c-h) high-magnification BSE image of the MoSi2 healing particles 
and corresponding X-ray maps. 



 
The self-healing mechanism will be triggered when a crack opens the alumina shell and run 
into the healing particles. Since the MoSi2 particles are stiffer and stronger than the YSZ 
matrix the crack may be deflected by these particles. But numerous fracture mechanical 
simulations and experiments showed that a crack indeed interacts with the embedded healing 
particles; e.g. see Figure 5. 
 

       
Figure 5 Simulated (left) and experimental (right) crack path in TBC microstructure with MoSi2 
healing particles. 
 
 
As long as the self-healing mechanism is not triggered by a crack the healing particle should 
remain intact. Exposing the encapsulated healing particles to 1100 °C in air for 100 hours 
showed only little increase of mass. In Figure 6 (a), the mass change of encapsulated MoSi2 
particles is compared with that of unprotected MoSi2 and MoSi2 alloyed with boron while 
exposing to 1100 °C in air. Also, high temperature stability tests of the encapsulated healing 
particles embedded into YSZ showed that the core of the healing particles is still composed 
of MoSi2 and the shell is somewhat thickened; see Figure 6 (b). 
 

   
 
Figure 6 (a) Mass change of MoSi2 particles. (b) In situ encapsulated MoSi2 healing particle 
after exposure to 1100 °C in air. The core of the particles remained intact. 
 
  



However, when the healing reaction is triggered, silica (SiO2) is formed according to: 

 		
5MoSi

2
+7O

2
®Mo

5
Si

3
+7SiO

2          (1) 
 
This reaction is associated with a volume expansion of 2.2 (i.e. 120 %), which is necessary to 

fill the crack gap. The filling of the crack gap, , can be estimated from a statistical model: 

 𝜃 = 𝜙𝜑
𝑑

𝑤
𝛼(𝑡, 𝑇)         (2) 

 

Thus, the filling of the crack gap depends, besides the volume expansion , on the volume 

fraction  and size d of healing particles, the width of the crack w, and the oxidation kinetics 

𝛼(𝑡, 𝑇), in which t is time and T temperature in Kelvin. For the formation of SiO2 according to 
reaction (Eq. (1)) by the healing particles embedded in the YSZ matrix a 3D diffusion model 
is adopted: 

 𝛼(𝑡, 𝑇) = 1 − (1 − √𝑘𝑡)
3
        (3) 

with: 𝑘 = 𝐴 𝑒𝑥𝑝 (
−𝑄

𝑅𝑇
)         

 (4) 
 
Since the healing reaction is a thermally activated process, it obeys Arrhenius type equation 
(4) with the kinetic parameters: frequency factor A and activation energy Q. These parameters 
for the formation of SiO2 from MoSi2 particles with and without boron are presented in Table 
2. Clearly, the SiO2 formation from MoSi2 particles with boron is much faster (about a factor of 
4) than from pure MoSi2. This effect of boron is also evident from Figure 6 (a). Moreover, when 
boron is added amorphous rather than crystalline SiO2 is formed according to X-ray diffraction 
analysis. 

Healing particles A 
(10-6/s) 

Q 
(kJ/mol) 

MoSi2 44 112 

MoSi2 with boron 163 107 

 
Table 2 Kinetics of silica formation by high temperature oxidation of MoSi2 healing particles 
with and without boron addition; frequency factor A and activation energy Q. 
 
After filling the crack with amorphous silica, it reacts with the zirconia of the YSZ matrix, to 
form crystalline zircon according to: 

 		
SiO

2
+ ZrO

2
® ZrSiO

4          (5) 
 
This reaction is associated with only a small volume decrease of about 18 %, which brings the 
fracture surfaces closer together. Also, the kinetics of this reaction is studied by preparing bi-
layers of MoSi2 with boron and YSZ using spark plasma sintering; see Figure 7. The formation 
zircon is slower than the formation of SiO2, but is also enhanced when boron is added.   



   
(a) (b) 
Figure 7 (a) Cross section of bilayer YSZ-MoSi2 alloyed with boron after high temperature 
oxidation in air. (b) SiO2 and ZrSiO4 composition profile of bilayer. 
 
The actual crack healing by MoSi2 particles embedded in YSZ TBC is shown in Figure 8. The 
healing particle becomes depleted from silicon and the silica formed by oxidation fills the crack 
gap. At the fracture surfaces zircon is formed resulting in a strong adhesion between the TBC 
matrix and the healing agent (Figure 8 (a)). In the smaller crack gap, all the silica is 
transformed into zircon (Figure 8 (b)).  
 

     
(a) (b) 
Figure 8 (a) Crack in TBC fully filled with silica and along the fracture surfaces zircon is 
formed. (b) Small crack gap with fully transformed silica into zircon. 
 
A Finite Element (FE) based simulation tool was developed to study the crack damage and 
healing in the TBC system and to further optimize the design of self-healing TBC. The 
governing equations for the thermal, mechanical and chemical processes, together with 
constitutive models, material parameters, loading conditions and geometrical data are 
included. Nucleation and growth of micro-cracks is modelled using a versatile numerical 
simulation technique where cohesive elements are inserted between all bulk elements. The 
fracture behaviour of the distinct phases and interfaces in the TBC system are accounted for 
using specialized cohesive relations in the corresponding cohesive elements.  



Incorporation of the healing effect in the simulations (cf. Figure 9) entails: (i) the triggering 
mechanism (cracks that expose the healing particles to oxidation) and (ii) the re-cohesion of 
cracks due to oxidation. The main modelling steps to predict the lifetime of the self-healing 
TBCs includes: (i) the simulation of the fracture response of the representative volume 
elements under thermomechanical loading of a TBC system, (ii) the coupling of the TGO 
growth model to the thermomechanical FE simulations and (iii) the incorporation of a healing 
model to simulate the healing process.  

 
Figure 9 Specimen with healing particle (left) and effective response with healing (right). The 
specimen regains fracture strength and energy upon healing. 
 
The simulations include models to predict the onset, growth and coalescence of cracks that 
lead to final failure of a TBC system by spallation. A self-healing model was developed and 
implemented to account for the strength recovery associated to the healing particles. The 
simulation tool used in a thermal cycling analysis framework allows to estimate the lifetime of 
a self-healing TBC system and to further quantify the effect of healing on the lifetime extension 
of the TBC system.  
 
Analysis of the results of many simulations with the current tool revealed that: 

• A particle-based self-healing mechanism can be activated even under unfavourable 
conditions (i.e., even for relatively stiff particles and relatively weak interfaces). The main 
parameters governing the activation are the fracture strength and the fracture energy of 
the particles, which should be relatively low compared to the properties of the matrix. 

• Healing particles should be placed in the top coat layer (TC) close to the Thermally-Growth 
Oxide layer (TGO) in order to delay coalesce of cracks in those layers that lead to final 
failure by spallation. The coefficient of thermal expansion of the healing particles should 
be slightly less than that of the hosting matrix to promote linking and subsequent healing 
between cracks in the TGO layer and cracks in the top coat layer (TC) where the healing 
particles are hosted.  

• Strength recovery due to sealing of cracks with a healing product requires long distance 
propagation of the healing agent along the crack. An efficient mechanism can be achieved 
when the healing agent is transported along the crack in a fluid-like state at high 
temperature. Subsequent solidification upon cooling to a ceramic-like phase (that remains 
solid) provides the required strength recovery. 

The simulation tool consisting of several numerical modules together with a comprehensive 
manual can be downloaded from the website SAMBAproject.eu. 
 



3.2  Manufacturing of self-healing TBC 
 
Since atmospheric plasma spraying (APS) is the most widely used method to apply thermal 
barrier coatings, also this method is used to deposit the self-healing TBC. The plasma spray 
process is basically the spraying of molten or heat softened material onto a surface to provide 
a coating. Material in the form of powder is injected into a very high temperature plasma flame, 
where it is rapidly heated and accelerated to a high velocity. The hot material impacts on the 
substrate surface and rapidly cools forming a coating. The plasma spray gun is made up with 
water cooled copper anode and tungsten cathode. The plasma gas (a mixture of argon and 
helium) flows around the cathode and through the anode, which is shaped as a constricting 
nozzle. The plasma is initiated by a high voltage discharge which causes localized ionization 
and a conductive path for a direct current (DC) arc to form between cathode and anode. 
 
In the first pass of spraying both yttria stabilized zirconia and the alloyed MoSi2 particles are 
deposited resulting in a layer of about 100 microns. The next layers are composed of only 
YSZ making the total thickness of the self-healing TBC about 500 microns. The parameters 
for plasma spraying (like: electric current, spraying distance, gas composition and flow rate, 
etc.) are adjusted to the powder properties. The certified YSZ powder used is optimized for 
plasma spraying and the deposition parameters are well established. The alloyed MoSi2 
healing particles made for manufacturing the self-healing TBC requires different plasma spray 
parameters. For example, the melting point of MoSi2 (2030 °C) is much lower than the melting 
point of YSZ (about 2700 °C). Most critical is the particle size; too small particles will evaporate 
in the plasma plume, while too large particles will not melt. Hence, a narrow size distribution 
of the healing particles is required. To this end, the batch of alloyed MoSi2 particles were 
classified by wind sifting prior to plasma spraying. The size distribution of a as received alloyed 
MoSi2 powder and after wind sifting is shown in Figure 10. After wind sifting the fines are 
removed and a sharp size distribution is obtained. 
 

 
Figure 10 Size distribution of alloyed MoSi2 powder before and after wind sifting. 
 
 
Moreover, the original composition of the particles must be preserved after plasma spraying. 
The silicon in MoSi2 has the tendency to evaporate during plasma spraying. Also, some loss 
of aluminium may occur. To deal with these aspects a double injection method was developed; 
see Figure 11.  
 



 
 

Figure 11 Double injections system for the simultaneous deposition of alloyed MoSi2 and YSZ 
with d is the distance to the plasma plum (injection distance) and l is distance to the exit of the 
plasma gun. 
 
This method allows optimization of the plasma spray conditions for simultaneously depositing 
YSZ and MoSi2 by varying the injection distance of MoSi2. A design of experiment (DoE) was 
used to find the optimal spray conditions for a self-healing TBC. An analysis of variables with 
the determined values for porosity and content of MoSi2 shows a dependency of the current 
(I), spraying distance (SD) and their combination (I*SD) for the porosity; see Figure 12 and 
13, respectively. The content of MoSi2 depends on the current (I), injection distance (ID) and 
their combination (I*ID). 
 

 
Figure 12 Regression analysis of the dependency of the porosity on current (I), spraying 
distance (SD) and combined current and spraying distance (I*SD). 
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Figure 13 Regression analysis of the dependency of the content of MoSi2 on current (I), 
injections distance (ID) and combined current and injection distance (I*ID). 
 
 
Series of self-healing TBC were applied onto super alloy buttons with a diameter of one inch 
provided with a bond coating (see above) for determining the lifetime in furnace cycle tests. 
For comparison of the results also series of the same TBC system were prepared, but without 
healing particles.  
 

3.3  Properties of self-healing TBC 
 
Embedding the alloyed MoSi2 particles into a YSZ matrix may affect the mechanical properties 
as well as the thermal conductivity. The mechanical properties are relevant for fracture and 
ultimately delamination of the TBC, while the thermal conductivity is vital for its functionality.  
Dense composites of YSZ with different volume fraction MoSi2 particles up to 20 % were 
prepared by spark plasma sintering (SPS) to determine the effect on the mechanical 
properties and thermal conductivity. The Young’s modules (260±20 GPa), hardness (16±2 
GPa) and fracture toughness (5.2±0.5 MPa.m1/2), all determined by Vickers indentation, were 
within the statistical error independent of the volume fraction MoSi2. The thermal conductivity 
of the YSZ composites, measured in argon from room temperature up to 1000 C with a laser 
flash system, increases with the volume fraction of MoSi2 particles; see Figure 14 (a).  

 
(a)       (b) 
Figure 14 Effect of MoSi2 contents on the effective thermal conductivity of the composites: (a) 
temperature-dependent values and (b) content dependence at room temperature. 
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The measured thermal conductivity for the pure YSZ samples (1.2 ~ 1.3 Wm-1K-1) are lower 
than its bulk value (2 ~ 2.5 Wm-1K-1) presumably due to the pores within the sample; see 
Figure 14 (a). This figure also reveals the effect of MoSi2 addition on the effective thermal 
conductivity. It can be seen that the effective thermal conductivity becomes more temperature 
dependent as more MoSi2 are added. Moreover, the thermal conductivity at room temperature 
increased from 1.3 Wm-1K-1 to 2 Wm-1K-1 when 20 vol.% of MoSi2 is added. Still, this value 
is well below the thermal conductivity of pure MoSi2 with a similar porosity (~ 38 Wm-1K-1); 
see Figure 14 (b). 
 

 
Figure 15 Measured elastic modulus for (a) benchmark TBC samples and (b) optimized self-
healing TBC samples. 
Similar measurements were performed on the plasma sprayed TBCs with and without healing 
particles. As can be seen in Figure 15, the elastic modules increase on average from 105 to 
123 GPa with MoSi2 healing particles. Due to the porous nature of the APS coatings, both 
data sets show considerable scattering. The slightly higher value for the self-healing TBCs 
can be explained as the effect of MoSi2 whose elastic modulus (~ 460 GPa) is much higher 
than YSZ (~ 210 GPa). 
 
The effective thermal conductivity of the plasma sprayed TBCs with and without healing 
particles at room temperature are compared in Figure 16. Although the self-healing TBC still 
show a higher thermal conductivity than the benchmark TBCs, the increase brought about by 
adding MoSi2 particles has been limited to only about 22%. More importantly, the effective 
thermal conductivity for the APS samples are only about half of their counterparts 
manufactured via SPS with a similar porosity level.  
 

 
Figure 16 Effective thermal conductivity measured from laser flash analysis: (a) benchmark 
TBCs and (b) self-healing TBCs. 



3.4  Thermal cycle performance 
 
Furnace Thermal Cycle Tests (FCTs) were executed to observe the performance of TBC 
system and to determine its End-of-Life (EoL); see Figure 17. A strict protocol was devised 
and followed to perform the FCTs as well as the characterization and post mortem analysis of 
the TBC system. 
 

 
 
Figure 17 Samples being taken out of the furnace for the daily cycling. 
 
A first series of self-healing TBC was produced and subjected to a furnace cycle test. A similar 
TBC but without healing particles last about 150 cycles in this FCT at 1100 °C with a hot dwell 
time of 2 hours and a heating and cooling times of 7 and 15 minutes, respectively. When 
increasing the concentration of aluminium in the MoSi2 healing particles and reducing their 
volume fraction, while increasing the injection distance, led to a large increase in lifetime. 
These self-healing TBCs lasted 400 to 500 cycles in the FCTs, thus nearly tripled the lifetime. 
These results also indicate that the composition and thereby the encapsulation of the healing 
particles is critical.  
 
Then, second series of 4 batches of self-healing TBC with seemingly the same optimized 
parameters were produced. One batch tested at 1060 and 1100 °C showed a prolonged 
lifetime; cf. Tables 3 and 4, respectively.  
 

Bench- 
mark 

EoL benchmark TBC EoL self-healing TBC Improvement 

mean StDev mean StDev (%) 

A 829 87 1184 47 43 

B 1077 43 1184 47 10 

 
Table 3 Number of cycles till End-of-Life in Furnace Cycle Test 1060 °C at RSE, with a hot 
dwell time of 80 minutes and heating and cooling times of 15 and 30 minutes, respectively.  
 

Bench- 
mark 

EoL benchmark TBC EoL self-healing TBC Improvement 

mean StDev mean StDev (%) 

A 377 34 646 18 71 

B 604 3 646 18 7 

 
Table 4 Number of cycles till End-of-Life Furnace Cycle Test 1100 °C at FZJ-2, with a hot 
dwell time of 90 minutes and heating and cooling times of 15 and 30 minutes, respectively.  
 
The lifetime data are compared with those of similar TBC but without healing particles. One 
so-called benchmark TBC was produced early on in the project, and another batch at the 
same time as the self-healing TBCs, denoted as benchmark A and B, respectively. Inherent 



to the brittle and porous nature of the ceramic TBC a large scatter is observed in the lifetime 
data. Moreover, there is a significant difference in the lifetime of both benchmark TBCs, 
although these were prepared from the same materials and with the same plasma spray 
parameters. However, in both FCTs the self-healing TBCs last the longest! It is interesting to 
note that also the scatter of the lifetime data of the self-healing TBCs, are smaller when 
comparing with benchmark A TBCs. For manufactures, designers and operators of gas turbine 
engines provided with TBCs, this aspect is as important and attractive as prolonging the 
lifetime, because the lower limit or threshold lifetime is increased.  
 
The FCTs were accompanied with X-ray computed tomography (XCT) and thermography 
analysis to monitor the evolution of crack damage and healing of TBCs non-destructively. Two 
thermographic techniques have been explored one based on thermal diffusivity and another 
based on thermal effusivity. Small crack damage that is apparent, even after a few thermal 
cycles, can be observed. A quantitative evaluation of crack damage in terms of fraction 
delaminated during FCT can be determined after preliminary calibration on some samples of 
the same TBC set; see Figure 18. 
 

 
   (a)                                            (b) 
 
Figure 18 (a) apparent thermal effusivity and (b) XCT maps of TBC sample exposed to 
furnace thermal cycle test showing macro cracking forming a circular ring around the sample 
edges. Good agreement exists between the delaminated fraction as estimated by the two 
characterization techniques (i.e. 50 versus 52 %). 
 
The normalised thermal diffusivity approach gives evidence of a constant growth of diffuse 
micro-cracking in the central sample area up to a certain level close to the end of life, when 
an acceleration can be observed. A significant number of diffuse cracks nucleates and 
propagate before the occurrence of the final failure of the self-healing TBC and a remarkable 
increase of the effective cracking thickness can be observed as well. This provides an indirect 
evidence of some effectiveness of the self-healing particles in promoting cracks and their 
subsequent healing when exposed to high temperatures.  
 
XCT and apparent effusivity maps clearly show for almost all the tested TBC samples that 
macro–cracking occurs even before the first 1/3 of life all around the sample edges forming a 
circular ring; see Figure 18. This edge cracking is typical for the disc shape sample geometry. 
After the initial growth of the circular ring, small diffuse not connected delaminations start to 
appear in the central area of samples; see Figure 19.  
 



 
 
Figure 19 Thermographic observations (apparent effusivity maps) of macro-cracking of self-
healing TBC (batch 1 sample 6) in Furnace Cycle Test 1060 °C at RSE, with a hot dwell time 
of 80 minutes and heating and cooling times of 15 and 30 minutes, respectively. The evolution 
delamination cracks as a function of the number of cycles (on top of each image) is 
represented as white pixels and expressed as fraction delaminated area. 
 
Later, when the delaminated fraction reaches a value in the range 40- 50%, a significant 
acceleration of macroscopic damage involving even the central region of the sample occurs; 
see Figure 15 and 16. This phase corresponds to the coalescence of micro-cracks towards 
macro-delamination up to values in the range 70-80%. Then there is a final phase where 
macro-delamination rapidly coalesces up to the complete spall-off of the TBC. 
In Figure 20, the macro-crack damage evolution of both the self-healing and benchmark B 
TBCs are compared. Clearly, when the crack damage starts accelerate and micro cracks 
coalescence in the self-healing TBC final failure is delayed due to the presents of the 
encapsulated MoSi2 healing particles. 
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Figure 20 Macro-crack evolution of benchmark (red dots) and self-healing (blue dots) TBC in 
Furnace Cycle Test at 1060 °C at RSE, with a hot dwell time of 80 minutes and heating and 
cooling times of 15 and 30 minutes, respectively. 
 
The data of the thermographic analysis at intermediate stages of the furnace cycle tests can 
also be used to predict the end-of-life (EoL) of the TBC system. In Figure 21, a comparison is 
made between these estimated and the experimentally determined EoL of TBC systems.  

 
 
Figure 21 Estimated from thermographic analyses versus experimentally determined End-of-
Life (EoL) of different TBC systems tested in furnace cycle tests at RSE. 
 
The results of XCT and thermographic analysis are in agreement with microscopic analysis. 
Cross sections of the samples were prepared after different stages of their lifetime in furnace 
cycle tests to observe the crack damage using electron microscopy; see Figure 22. These 
analysis show that after about 1/3 to 1/4 of lifetime, cracks occurred at specimen edges, but 
not in the specimen centre due to the disc shape geometry. The edge crack propagates within 
the ceramic topcoat along topcoat porosity aligned parallel to the bond coat surface (typical 
feature of this particular system) and stops approximately a few millimeters away from the 
edge; see Figure 22.  



 
 
Figure 22 Scanning Electron Microscopical images of TBC cross section after 320 cycles in 
Furnace Cycle Test 1060 °C at RSE, with a hot dwell time of 80 minutes and heating and 
cooling times of 15 and 30 minutes, respectively. In the macro images (at the top) the initial 
edge cracking is visible. In the micro images (at the bottom) thin cracks within the central area 
of the TBC are visible.  
 
After the initial growth of this circular ring, small diffuse not connected cracking some hundreds 
of microns long and few microns wide can be observed also in the central area of samples. 
These cracks stay both within the TBC top layer and the interface between the bond coating 
and TBC top layer; see Figure 22.  
 
Comparing sections of samples aged up to different fractions of their life, there are indications 
supporting the idea that a constant growth occurs of diffuse micro-cracking in the central 
sample area up to a certain level close to the end-of-life. Thus, the final failure of the system 
occurs in the centre of the specimen by crack propagation at or in near vicinity to the bond 
coating. This two-stage failure mode consists the so-called “white failure” along sample edge 
and “grey failure” in the specimen centre; see Figure 23. 
 

 
 
Figure 23 Typical example of macroscopic failure of benchmark TBC system after cyclic 
oxidation testing: left piece – substrate with bondcoat and remnants of white ceramic coating; 
right piece -  detached topcoat with remnants of TGO (grey). 
 
It is worth noting that most of the benchmark TBCs failure occurred near the interface between 
the bond coating and the YSZ top layer, while the self-healing TBCs exhibit a statistically 
significant tendency to fail more within the YSZ top layer; see Figure 24. Thus, favourable for 

 



triggering the self-healing mechanism. This experimental finding is in agreement with our 
fracture mechanical FE simulations.  
 

 
Figure 24 Fracture allong thebond coating (BC) and thermal barrier coating (TBC) interface 
comparison between benchmark TBC (red dots) versus self-healing TBC (blue dots). Furnace 
Cycle Test at 1060 °C at RSE, with a hot dwell time of 80 minutes and heating and cooling 
times of 15 and 30 minutes, respectively. 
 

3.5  Next steps 
 
An affordable self-healing TBC has been developed and prepared. The lifetime compared with 
a similar but non-self-healing TBC is prolonged. Moreover, the scatter in the lifetime data of 
the self-healing TBC is reduced, which raises the lower bound or threshold lifetime and thus 
more reliable. 
 
As the volume fraction of healing particles in the current self-healing TBCs is only 3 %, 
significant further extension of the lifetime can be realized when this volume fraction is brought 
to its design level, i.e. up to 10 %. Then, the composition of the healing particles should be 
better controlled, i.e. the variation of its composition and size should be small.  
 
To bring the concept of self-healing TBC to the market, the manufacturing of both the healing 
particles and the process of plasma spraying with double injection must be made more robust 
and hence reproducible. Yet, the composition size as well as shape of the healing particles 
vary. Significant improvement has been realized by wind sifting the initial powder resulting in 
a sharp size distribution. Still the particles have an angulated rather than spherical shape.  
Moreover, the variation in composition from particle to particle is also of concern in view of 
proper in situ encapsulation via selective oxidation of aluminium. These aspects are yet 
subject of further research at Delft University of Technology. Preparation of the alloyed MoSi2 
particles by spark plasma sintering to obtain a uniform composition is in progress. Next, 
methods of powdering and spherodization are under development. The knowledge with 
regards to the manufacturing of the alloyed self-healing particles is protected by a patent that 
is about to being filed. 
 
The plasma spray process for the self-healing TBC can be made more robust by detailed 
monitoring of this spray process and by investigating the sensitivity of the coating system 
microstructure and properties to the process parameters as:  plasma current and gas flow, 
spray distance, powder feed (both particles and ceramic), self-healing particle injection 
distance, angles (relative to plume and rotational angle relative to gun), etc. Next, the 



reproducibility of the plasma spray process should be demonstrated, which is under 
consideration at Forschungszentrum Jülich (FZJ) together with our industrial partners GKN 
Aerospace, GE power and Flame Spray Technology (FST). The invention of manufacturing 
the self-heling TBC by double injection of YSZ and the healing particles, respectively, is filed 
for patenting. 
 
Finally, GKN Aerospace and GE power, as major actors in the aero and gas turbine industry, 
have the ability to introduce new technologies in gas turbine engines when the technology and 
improvements are proven with sufficient data. The participation of FST as powder supplier will 
increase the chance of market introduction in aero and gas turbines and other areas of 
applications. The approach to get the self-healing TBC into an engine is to do an engine test 
where a low risk component (low risk component is defined as TBC spallation with no risk of 
significant damage in engine) will be identified and used as a candidate for the self-healing 
TBC. 
  



4 Impact  
 
The following sections will be described under Impact: 
 
1. Context; 
2. Profiling of current and near-future impact; 
3. Strengths and Weaknesses; 
4. Opportunities; 
5. Economic impact; 
6. Societal impact; 
7. The main dissemination activities; 
8. Conclusion. 
 
 
 

4.1 Context 
 
Ceramic thermal barrier coatings (TBCs) themselves already contribute tremendously to 
sustainable technology, because it enhances the engine efficiency by allowing higher 
operation 
temperatures, which saves fuel and thus reduces CO2 emissions. Furthermore, it protects the 
high tech structural components (made of single crystal superalloys) against severe high-
temperature corrosion, thereby contributing to durable use of resources. The materials and 
their amounts used to produce the current as well as the prospective self-healing TBCs are 
abundant, relatively cheap and not environmentally hazardous. The added value grows 
exponentially when starting from the raw materials to application by plasma spraying onto 
components integrating these into complete parts for gas turbine engines, which finally are 
applied in complete systems such as aeroplanes or power stations. 
 
The innovative concept of healing crack damage proposed is generic and can be adopted 
naturally to develop a wide range of new self-healing ceramics. Clearly, this will offer 
substantial opportunities to prolong the lifetime and enhance the reliability of other ceramic 
components used in high-temperature applications. Overll, the new applications may 
ultimately outperform other materials (e.g. scarce metals) due to reliability, longer lifetime, 
cost-efficiency and capabilities. Such developments will benefit from the knowledge and 
experience gained in this project. 
 
The impact of SAMBA must be seen in this larger context. The proven concept of the self-
healing TBC has clearly taken a step forward. The modelling tool for design is available to the 
world, so all actors in the field of TBC can make use of this in their research and development 
activities. This will lead towards further development of the application of SH TBC. However, 
one must take into account that the stability and reproducibility of the mechanism needs initial 
enhancement. Nevertheless, the experiments have shown that the SH TBC was triggered and 
prolonged the lifetime sufficiently to further investigate its potential. Direct application and 
bringing it to market could follow within approximately 2 years FTE effort.  With the reached 
objectives of this high-risk project it can be stated that is has created impact through 
presenting and making available its results to a wide-spread community.  
 

4.2  Profiling of current and near-future impact 
 
The currently achieved impact is mainly focusing on the market of the participating partners. 
The application fields are in SH TBC, where first the reproducibility and stability of the 
production of the self-healing particles and stability of the double-injection plasma spraying 



need to increase, for which the consortium partners continue to collaborate. Follow-up projects 
are taken into consideration.  
 
However, the test results give reason to believe in the potential of the SH mechanism in TBC 
and introduction to the market. It is foreseen that in two years from now the technology could 
already be brought to the market. Follow-up projects are considered to bring the results to the 
necessary TRLs to do so. 
 
As the current SH TBC is very cost-efficient and does not involve scarce materials, the societal 
and economic impact can become influential.  
 
The electric power generation in Europe, but also worldwide, relies to a great extent (30 to 
40 %) on gas turbine engines (with TBCs). These engines are also indispensable for 
accommodating fluctuations in demand of electric power and to deal with peak loads. This 
aspect becomes even more important with the ambition to increase use of renewable solar 
and wind energy for electric power generation, since renewable energy supply inherently 
fluctuates. Self-healing TBCs may be a solution to accommodate the associated increase of 
thermo- mechanical loads. 
 
It is evident that the effects of electric power failure on society and economics can be 
devastating. A reliable and secure supply of electric power is therefore vital to fulfil the needs 
of an active society and economy. Moreover, a reliable and secure operation of gas turbine 
and diesel engines, used as back-up system for electric power generation in case of a power 
failure, is crucial for critical infrastructures, like e.g. hospitals, certain industrial plants, cold 
storages etc. Thus, the new self-healing TBC with prolonged lifetime and enhanced reliability 
directly contributes to enhance safety in a wide range of situations. 
A similar reasoning applies to safety of turbine engines for aeroplanes. Example exists that 
any damage or failure in the turbine engine for propulsion can lead to a crash endangering 
human lives in the air as well at the ground. 
 
There is a worldwide increasing demand for higher efficiency for the generation of propulsion 
and electricity in order to reduce the use of fossil fuels, hence saving the environment by 
reducing the carbon footprint. This can be accomplished by higher operation temperatures, 
which requires improved thermal barrier coatings with reduced thermal conductivity and 
enhanced high-temperature stability as well as burner nozzles and heat exchangers. Self-
healing ceramics can be a solution for the expected high thermo- mechanical loading 
scenarios, especially when using low-cost materials and application techniques.  
 
The lifetime of TBC systems now lies between 2000 and 4000 thermal cycles. For an aero- 
engine, this means that the TBC systems on average need to be replaced about four times 
during the lifetime of an aircraft, and these are cost-intensive maintenance operations. A 
similar situation applies to gas turbine engines used for electric power generation. Moreover, 
with increasing use of renewable energy (solar and wind) the number of starts and stops of 
gas turbine engines also increases in order to match the fluctuations in supply and demand of 
electric power. 
 
The economic benefits of a self-healing TBC with prolonged lifetime can be explained by 
considering the maintenance cycle of the turbine engines which can be decreased due to the 
prolonged lifetime and self-repair capability of the self-healing mechanism in TBC. This cost-
effective efficiency growth will have its effects on standard procedures. 
 
The TBC market for both manufacturing and supply is currently present in the advanced 
industrialized countries. Europa holds a large share of this market. The main competitor is the 
USA. The Asian and Australian TBC market is smaller, but growing and is dominated by 
Japan. The TBC market in Europe is evenly distributed. 



 
The market for TBCs will increase not only due to the expansion of the fields of applications, 
but also due to the global increase of energy consumption. The World Energy Council (WEC) 
has predicted that at least by 2050 the world will need to double today’s level of energy supply. 
This includes both transport and electricity. As the type of fuels (including bio-fuels) to realize 
this increase in energy supply will not change dramatically, the market trend for both industrial 
and aero gas turbine engines will increase accordingly and so will the overall impact of a self-
repairing TBC system. 
 
The promising outcome from the SAMBA project shows a major step forward as there are 
multiple societal and economic benefits when this SH TBC will be brought to the market, which 
is foreseen to be done within two man-years. 
 

4.3  Strengths and Weaknesses 
 
The furnace thermal-cycle tests showed an increased lifetime with an average prolongation of 
22%, the costs of the materials needed for the particle production are low. These two 
characteristics can be seen as strong aspects of the self-healing TBC.  
 
However, there is still need for improvement in the fields of stabilizing and up-scaling the 
production. Also, the reproducibility needs to be optimized. To bring the concept of self-healing 
TBC to the market, the manufacturing of both the healing particles and the process of plasma 
spraying with double injection must be made more robust and hence reproducible.  
 
The technique is currently not yet able to be applied directly and/or brought to the market. 
In order to bring the new self-healing TBC into industrial production and thus towards the 
market, in a follow-up of this project many more steps will have to be taken and more research 
will be required. Assuming the concept to work as foreseen and shown during the experiments, 
the project has delivered a roadmap to take the new TBC system through the technology 
readiness levels (TLRs) 5-9. The actual execution of that research is outside the scope of the 
current project. 
 
Project partners are already working on further development and optimization. Results will be 
made available by making use of open access publications and conference presentations. 
 

4.4  Opportunities 
 
The cost-effectiveness and shown pro-longed lifetime (which could increase even further) give 
cause to investigate further development of this technique towards a more sustainable and 
reliable end-product. Comparing the current test results to equal TBC without SH particles 
show already an improved reliability.  
 
The current technique has reached TRL 4, the industry partners will take up the technique 
internally, in close collaboration with the academic partners in order to optimize the plasma 
spray technique with double-injection and the controlling (and optimization) of the particle size 
and distribution. Academic partners already focus on further research and development of the 
self-healing particles and manufacturing process. 
 
GKN Aerospace and GE power, as major actors in the aero and gas turbine industry, have 
the ability to introduce new technologies in gas turbine engines when the technology and 
improvements are proven with sufficient data. The participation of FST as powder supplier will 
increase the chance of market introduction in aero and gas turbines and other areas of 
applications. It is estimated that within two man-year the application could be brought to the 
market. 



Consortium members have already been invited to different conferences to present the project 
results. By doing so, the wider research and development community in the field of material 
science and engineering can be reached and SAMBA’s outcome can be used in other 
activities. 
 

4.5  Economic impact 
 
Although the current technique is not yet at the desired TRL to work towards a market 
introduction, the test results have shown an increase of 22% life-time by using low cost 
production methods. Even though, this production process needs further optimization, it shows 
it potential economic impact in a further developing market. The market is moving more and 
more to smart and sustainable solutions. The application of SH TBCs could enhance this as 
it would also result in fewer maintenance which increases the potential return on investment 
rate of its application and use; e.g. airplanes could fly longer without the need for maintenance, 
fewer down-time per engine. 
The growing market for engineering ceramics can still be considered to make us of the project 
results which welcomes the new functionality of self-healing of such ceramics. 
 

4.6  Societal impact 
 
Once the application can be brought to the market, which can be done within an estimated 2 
year-period and directly by our consortium partners, we can see the societal impact in the 
following fields: 
- Electric power generation and critical infrastructures; 
- Safety of turbine engines for aeroplanes; 
- High thermos-mechanicals and engineering. 
 
Society would benefit from the direct application in critical infrastructures like hospitals, 
ensuring a reliable and solid electric power supply. In addition, the application in turbine 
engines would lead to an increased safety, as fewer damage would occur resulting in less 
crashes and fewer endangerment of passengers and people on the ground. 
The three examples above all aim for more sustainable and smart solution and cost-
effectiveness form which society can gain. 
  

4.7  The main dissemination activities 
 
A list of publications and dissemination activities can be found in appendix A and B. In addition 
to that, two patents have been written by the consortium, of which one is already filed during 
the project duration. 
 
Forschungzentrum Jülich applied for a patent on the manufacture of this self-healing TBCs. 
The patent has been filed and is under embargo. After this sealed-off period, the patent will 
be made publicly available. The patent was filed on 15 June 2016, the embargo lasts 18 
months. This will effectively mean that publication of the application is not anytime sooner than 
December 2017. 
 
TU Delft applied for a patent on the novel self-healing particles including the method of in situ 
encapsulation. At the termination date of the project, the patent was in process to be filed. The 
EC will be informed accordingly once this has been done. It is foreseen that the patent will be 
publicly available in due time.  
 

4.8  Conclusion 
 



The call text requested the following impact: “i) Improved materials with prolonged lifetime and 
reliability leading to enhanced safety in applications such as for example vehicles, roads and 
bridges; and/or ii) Societal and economic benefits deriving from the reduction of accidents, 
injuries, casualties, and permanent damages; and/or iii) Improved competitiveness of 
European industry via more favourable cost/benefit ratios.” 
 
Looking at the results of the SAMBA project, it can be stated that is has succeeded as the 
project did produce a self-healing TBC with prolonged lifetime and reliability applicable in 
turbine engines in the aero industry. Furthermore, the direct application, which could occur 
within 2 years from now, would result in a reduction of permanent damages and fewer 
accidents involving aeroplanes caused by engine failure. More significantly shown impact at 
this stage is the overall cost-effectiveness and the already identified optimization of its 
production methods that would lead to an improved competitiveness of European industry 
based on a higher return on investment rate due to longer lifetime. 
 
All project results have been made available to the scientific and industrial communities to be 
taken up in further research and development activities. Follow-up projects are considered to 
continue the promising work of SAMBA.  
 
 

  



Appendix A. Publications 
 

 

 
 

Publications	

No.	 Title	/	DOI	 Main	author	 Title	of	the	periodical	or	the	series	 Number,	date	
or	frequency	

Publisher	

1	 On	the	use	of	B-alloyed	MoSi2	particles	as	
crack	healing	agents	in	ytria	stabilized	

zirconia	thermal	barrier	coatings	

10.1016/j.jeu	rceramsoc.2015.08.035	

Z.Derelioglu,	
G.M.Song,	

S.vanderZwaag	
W.G.	Sloof	

Journal	of	the	European	Ceramic	Society	
	

,	

In	Press	 Elsevier	BV	

2	 CReating	a	protective	shell	for	reactive	
MoSi2	particles	in	high	temperature	

ceramics	

8.10.1111/jac	e.13625	

A.L.Carabat,	
S.vanderZwaag	

W.G.Sloof	

Journal	of	the	American	Ceramic	Society	
,	

98/8	 Blackwell	
Publishing	

3	 Crack-particle	interactions	in	
heterogeneous	materials	

Sathiskumar	
A.	

Ponnusami,	S.	
Turteltaub	

Surface	and	Coatings	Technology	 272	 Elsevier	

4	 Manufacturing	of	Composite	Coatings	by	
Atmospheric	Plasma	Spraying	Using	

Different	Feed-Stock	Materials	as	YSZ	and	
MoSi2	

D.	Koch	,	G.	
Mauer	,	R.	

Vaßen	

Journal	of	Thermal	Spray	Technology	 Vol.	
26/Issue	4	

Springer	New	
York	

5	 Encapsulation	of	sacrificial	silicon	
containing	particles	for	SH	oxide	ceramic	

via	boehmite	percursor	route	
(presentation)	

Carabat,	A.L.,	
Sloof,	W.G.,	
Zwaag,	van	
der,	S.	

Proceedings	of	the	4th	International	
COnference	on	Self-Healing	Materials	

	 Magnel	
Laboratory	for	

Concrete	
Research	

6	 Non-destructive	techniques	for	TBC	at	
RSE	

Carnuchi,	F.	 Proceedings	Conference	of	the	Italian	
Association	for	Non	Destructive	Testing	

and	Monitoring,	Trieste,	Italy	

	 	

7	 An	EU-wide	approach	to	Self-Healing	
Thermal	Barrier	Coating	System	for	

Prolonged	Lifetime	

W.G.	Sloof	 Proceedings	E-MRS	Fall	Meeting	&	
Exhibition,	Warsaw,	Poland	

	 	

8	 Oxidation	behaviour	of	Mo-disillicide	
based	powders	for	application	as	

self-healing	particles	in	thermal	barrier	
coating	systems	

W.	Nowak,	
A.L.	Carabat,	
W.G.	Sloof,	

D.	Naumenko,	
W.J.	

Quadakkers	

Proceedings	E-MRS	Fall	Meeting	&	
Exhibition,	Warsaw,	Poland	

	 	

9	 Can	TBC	Porosity	be	estimated	by	non-
destructive	infrared	techniques?	A	

theoretical	and	experimental	analysis	

F.	Cernuchi	 Proceedings	39th	International	
Conference	&	Exposition	
on	Advanced	Ceramics	&	
Composites	(39th	ICACC)	

	 	

11	 Modelling	fracture	in	self-healing	thermal	
barrier	coatings	

J.	
Krishnasamy,	
W.G.	Sloof,	
S.	van	der	
Zwaag,	S.	
Turteltaub	

Proceedings	E-MRS	Fall	Meeting	&	
Exhibition,	Warsaw,	

Poland	

	 	

12	 Self-Healing	gas	turbines	(article)	 Sloof,	W.G.	 Article	in	Delta,	Journal	of	Delft	
University	of	Technology	

Article	in	Delta,	
Journal	of	Delft	
University	of					
Technology	

TU	Delft	

	
	
	

	



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

  

	

13	 Entwicklung	selbstheilender	
Wärmedämmschichten	

D.	Koch	 	 	 Forschungs-
zentrum	Jülich	

14	 Elaboration	par	Spark	Plasma	Sintering	et	
caractérisation	de	composites	et	

multi-couches	zircone	yttrié/MoSi2(B)	
pour	application	barrière	thermique	

auto-cicatrisante	

F.	Nozahic	 	 	 Université	de	
Toulouse	-	Institut	

National	
Polytechnique	de	

Toulouse	



Appendix B. Dissemination Activities 
 

 
 
 
 
 
 

Dissemination	activities	

Type	of	
activities	

Main	leader	 Title	 Date	 Place	

Oral	
presentation	
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