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H I G H L I G H T S

• TBC made of YPSZ and encapsulated

MoSi2(Al,B) particles was spark plasma

sintered on MCrAlY coated Ni-based

superalloys.

• TBC self-healing ability was provedwith

cracks locally filled with silica and a zir-

con phase that links the crack surfaces

• Al2O3 shell protects the MoSi2-based

particles against premature oxidation

under thermal cycling conditions at

1100 °C in air.

• Detrimental reaction between MoSi2
particles and MCrAlY bond coating may

occur but preventive solutions have

been found.

• After high temperature exposure the

initial protective Al2O3-shell around

the particles is converted to more com-

plex shell.

G R A P H I C A L A B S T R A C T

a b s t r a c t

The present paper focuses on the Spark Plasma Sintering (SPS)manufacturing of a new type of self-healing ther-

mal barrier coating (TBC) and a study of its thermal cycling behaviour. The ceramic coating consists on an Yttria

Partially Stabilized Zirconia (YPSZ)matrix intowhich healing agentsmade ofMoSi2-Al2O3 core-shell particles are

dispersed prior to sintering. The protocol used to sinter self-healing TBCs on MCrAlY (M: Ni or NiCo) pre-coated

Ni-based superalloys is described and the reaction between the particles and theMCrAlY bond coating aswell as

the preventive solutions are determined. Thermal cycling experiments are performed on this complete multi-

layer system to study the crack healing behaviour. Post-mortem observations highlighted local healing of cracks

due to the formation of silica and the subsequent conversion to zircon at the rims of the cracks.
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1. Introduction

Thermal Barrier Coatings (TBCs) made of Yttria Partially Stabilized

Zirconia (YPSZ), deposited by Electron Beam Physical Vapour Deposi-

tion (EBPVD) or plasma-spraying techniques onto metallic superalloy

turbine blades, are widely used to increase the durability of internally

cooled hot-section metal components in advanced gas-turbines for air-

crafts and power generation [1–4]. The role of such a ceramic coating is

to act as a thermal insulator by decreasing the temperature of the un-

derlying Ni-based superalloy blade material. The TBC is deposited on a

bond coating that promotes and maintains the adhesion of the TBC

and provides oxidation resistance to the system due to the formation

of a Thermally Grown Oxide (TGO) consisting mainly of α-Al2O3. The

failure of plasma sprayed TBCs under thermal cycling is a complex phe-

nomenon that is mainly due to the stresses induced by the mismatch

between thermal expansion coefficients of the different components

of the TBC system and/or by the growth of the α-Al2O3 TGO as a result

of the oxidation of the underlying bond coating. In case of plasma

sprayed TBCs deposited on bond coatings with high surface roughness,

failure was shown to be controlled by a sequence of initiation, propaga-

tion and coalescence of cracks, just above the TGO, that finally leads to

the spallation of the TBC and expose the hot-section metal components

to the high-temperature environment [5]. Hence, a TBC with higher

toughness value or that exhibits self-repair ability at high temperature

in an oxidizing environment is highly desirable to extend its lifetime

and enhance its reliability.

Recently, embedment of SiC particles was shown to be a promising

way to increase the toughness of brittle materials such as silicon nitride

(Si3N4), alumina (Al2O3) or mullite (3Al2O3·2SiO2) but also to provide a

self-healing ability to these materials [6–8]. When cracks interact with

SiC particles, these latter react at high temperature with oxygen leading

to the formation of an expanding silica based reaction product that will

flow into the crack. Another example is given by the self-healing of nano

Ni particles reinforced alumina composites [9]. To create an autono-

mously self-healing TBC, thematerial chosen as healing agent must sat-

isfy some criteria: (i) it should have a high melting point, higher than

the maximum operating temperature for TBCs (1000 °C or above) and

a thermal expansion coefficient that matches reasonably with the one

of the TBC material, (ii) it should be able to oxidize and form a liquid

which fills the crack and establishes direct contact with the TBC crack

surfaces, (iii) the wetting of the crack surfaces should be followed by a

solid state chemical reaction between the liquid and the TBC material

leading to the formation of a load bearingmaterial [10]. Based on a liter-

ature study of potential healing agents, boron doped MoSi2 particles

covered with an alumina shell have been proposed as healing agents

for TBC [10,11]. When intercepted by cracks, the healing agent will ox-

idize leading to the formation of a low viscosity and amorphous borosil-

icate phase that will flow into the cracks. Subsequently, this phase will

react with the surrounding ZrO2-based TBC to form a load bearing and

crystalline ZrSiO4 phase that closes the crack gap and exhibits a strong

adhesion with the fracture surfaces. However, industrial ZrO2-based

TBCs are porous (≈20 vol%) and known as being an excellent oxygen

ion conductor at elevated temperatures [12,13], thus encapsulation of

theMoSi2 particles by a high temperature stable and oxygen impenetra-

ble shell is highly desirable to prevent the spontaneous oxidation of

these particles. It has been proposed to deposit a shell of alumina

around the MoSi2 based particles via a precipitation process [14] or via

a sol-gel process [15].

Recently, it was demonstrated the feasibility to deposit mixed layers

of MoSi2 based particles and YPSZ by Atmospheric Plasma Spraying

(APS) technique leading for the optimal process conditions to a signifi-

cant life time extension [16]. While APS is a suitable technique for coat-

ing complex shaped components, the Spark Plasma Sintering (SPS), has

attracted great interest for themanufacturing ofmulti-layer samples for

scientific studies onmaterial degradation under relevant thermal cycles

[17]. Already the feasibility of one-step manufacturing of YPSZ

nanocrystalline TBC and Pt-rich γ-Ni/γ′-Ni3Al bond coating sintered

on AM1 substrates was demonstrated [18]. Thereafter, the same proto-

col was used to fabricate complete TBC systems with a NiCrAlY bond

coating [19]. SPSwas also used to simultaneously produce YPSZ/MCrAlY

multi-layer coatings on Hastelloy X substrates with a rough YPSZ/

MCrAlY interface [20]. Recently, the feasibility of functionally graded

TBC by SPS was reported [21].

The aim of the present study is to evaluate the self-healing of model

TBC systems. For this purpose, SPS technique was first used to sinter

mixtures of YPSZ powder andMoSi2 co-dopedwith B and Al based par-

ticles on a NiCoCrAlY coated Ni-based superalloy. Prior to sintering,

these particles were coated with an α-Al2O3 protective shell deposited

via a sol-gel route. The particleswere alloyedwithAl to allow the forma-

tion of Al2O3, by selective oxidation of Al, in case of shell breakage dur-

ing the SPS sintering. The nature and composition of the protective shell,

before and after SPS sintering and short annealing treatment, were

characterized by means of X-ray Diffractometry (XRD), Scanning Elec-

tron Microscopy (SEM) and Transmission Electron Microscopy (TEM).

Thermal cycling tests were performed in order to study the behaviour

and the self-healing response of the model self-healing TBC systems.

The advantage of the SPS method over the industrially more relevant

APSmethod is that the protective alumina coating on theMoSi2 healing

particles remains intact during the synthesis process. The integrity of

the particle coating is crucial to ensure the absence of non-crack related

decomposition of the particle [22,23].

To the best of authors' knowledge, this paper presents for the first

time a complete study showing: i) the manufacturing and investigation

of the thermal cycling behaviour and ii) the crack healing of self-healing

TBC made by SPS.

2. Experimental procedure

2.1. Synthesis of the encapsulated MoSi2(B) based healing particles

Coating of the MoSi2 based intermetallic particles was performed

using a modified Yoldas method [15], based on the polycondensation

and formation of boehmite sol. The MoSi2 based particles (with 99.5%

purity) were alloyed with 2 wt% B and 6 wt% Al and delivered by

ChemPur GmbH, Karlsruhe, Germany. The starting materials used for

this sol-gel synthesis were: aluminium tri-sec-butoxide (Al(OCH(CH3)

C2H5)3, 97% purity, Sigma Aldrich Co. LLC, St. Louis, MO) as a precursor,

nitric acid (HNO3 solution, Sigma-Aldrich Co. LLC, St. Louis, MO),

isopropanol (99.8%, Sigma-Aldrich Co., LLC, St. Louis, MO), ethanol

(99.8%, Sigma-Aldrich Co., LLC, St. Louis, MO), and deionized water

(18.2 MΩ·cm at 25 °C). All these chemicals were used without any fur-

ther purification.

Prior to the encapsulation process, the MoSi2 based powder was

wind sifted to remove the fine fraction. Wind sifting was performed

using an Alpine 100 MRZ laboratory zig-zag classifier (Alpine Multi-

Plex 100 MRZ, Hosokawa Micron Powder System, Summit, New Jersey,

USA). Airflow was fixed at 15 m3/h and the classifier rotational speed

was kept at 5000 rpm. The particle size distribution was measured

with laser diffraction using a Malvern Mastersizer X (Malvern Instru-

ments Ltd., Worcestershire, UK). Prior to this measurement, the parti-

cles were dispersed in deionized water for 20 min by applying

ultrasonic vibration. Thewind sifting resulted in a powder having an av-

erage particle diameter of 33 μmand16 and 60 μmat10 and 90% cut-off,

respectively.

The coating process of the MoSi2 based powder was done by first

heating a mixture of 600 mL of deionized water and 15 mL of 1.0 M

HNO3 to 80 °C to obtain a molar ratio of 2:150 of Al(OC4H9)3 to H2O.

First, 10 g of MoSi2 powder was added to the solutionmixture of deion-

ized water and HNO3 and 200 sccm nitrogen (5 N purity) was purged

through the suspension to improve the dispensability of the particles

in the solution. When the temperature was stable at 80 °C again, 10 g

of Al(OC4H9)3 was added with approximately 25 mL of ethanol to



transfer the viscous liquid into the beaker. After, the system was left to

gelate for 60min. Next, the nitrogen flow and stirringwere stopped and

the solution was left at 80 °C until the liquid fraction was evaporated.

The resulting gel was filtered using a glass-vacuum filtration system

(Sartorius Stedium, Biotech, Goettingen, Germany) with a hydrophilic

propylene membrane with a pore size of 0.45 μm. To remove the

unreacted precursors, the coated powder was washed with warm de-

ionized water (about 60 °C). Next, the coated particles were dried in

an autoclave (WTC binder, Tamson, Tuttlingen, Germany) at 110 °C

overnight and gently ground to break up the agglomerates. Thereafter,

the sol-gel coatedparticleswere subjected to two-steps annealing treat-

ment. First, a calcination treatmentwas applied at 450 °C for 15 h under

argon, in order to slowly release the molecular water, followed by a

post-treatment at 1200 °C for 1 h under argon to consolidate the shell

and to promote the formation of α-Al2O3. The particles are alloyed

with 6 wt% Al to allow the formation of alumina by selective oxidation

at sites where the shell may be damaged during the annealing treat-

ments and/or sintering.

2.2. Preparation of YPSZ composite with encapsulated MoSi2(B) based

healing particles

A composite made of a YPSZ matrix containing 10 vol% of encapsu-

latedMoSi2(B) based healing particles was prepared in order to charac-

terize themicrostructure and the composition of the shell deposited via

sol-gel route. Prior to sintering, appropriate amounts of YPSZ powder

(AMPERIT 827.774, ZrO2−7 wt%Y2O3) and encapsulated MoSi2
(B) based particles were mechanically dry mixed for 1 h in a Turbula-

type powder blender. Prior to mixing, the YPSZ powder was downsized

from a D50 of 40 μm to 7 μm, by using a Retsch PM 100 planetary ball

milling, to improve its sinterability. Then, the powder mixture was

sintered in a 15 mm in diameter graphite die for 20 min at a tempera-

ture of 1150 °C and under a constant and uniaxial compaction pressure

of 110MPa applied since the beginning of the sintering cycle. A Dr. Sin-

ter SPS-2080 equipment (SPS Syntex Inc., Kanagawa, JP) located at the

Plateforme Nationale de Frittage Flash CNRS (PNF2, Université Toulouse

III Paul Sabatier, France) was used to densify the material. The as-

prepared composite was then annealed for 24 h at 1100 °C under

argon in order to promote the selective oxidation of Al from the MoSi2
(B) based particles. The lowoxygen partial pressure is expected to foster

the growth of α-Al2O3 instead of any other transition phase of alumina

[24] and help repairing of micro-cracks in the protective shell that may

have been initiated during SPS process.

2.3. Preparation of self-healing TBCs with encapsulated MoSi2(B) based

healing particles

The substrates used in this study were 24.5 or 20 mm in diameter

discs made of Ni-based superalloys (Hastelloy X). Bond coatings of

200 μm in thickness were deposited using APS or HVOF techniques

with optimized parameters. For the APS bond coating, the NiCrAlY pow-

der used (Amdry 962) contains 22 wt% Cr, 10 wt% Al, and b1.2 wt% Y.

The NiCoCrAlY powder used for deposition of the bond coating by

HVOF is a commercially available powder (Amperit 410) that contains

23 wt% Co, 17 wt% Cr, 13 wt% Al, and b0.7 wt% Y. The roughness (Ra)

of the NiCrAlY and NiCoCrAlY bond coatings were derived from metal-

lographic images of cross-sections of the MCrAlY coated substrates in

the as-sprayed conditions [25]. High level of roughness (5 μm and 9

μm, respectively) have been obtained which is common for industrial

applications. A commercially available YPSZ powder (Amperit

827.774) was used for the fabrication of the TBC systems. The average

YPSZ particle size was reduced to increase its sinterability from 40 to 7

μmwith a Retsch PM 100 planetary ball mill using zirconia balls and jar.

Prior to sintering of the TBC, YPSZ powder and 10 vol% of encapsu-

lated MoSi2(B) based particles were mixed following the protocol de-

scribed above. Then, graphite dies of 24.5 or 20 mm inner diameter

covered with a graphite foil (Papyex® Mersen) were filled according

to the assembly drawing depicted in Fig. 1. Previous studies [26,27] re-

ported the existence of a thermal gradient between the surface of the

graphite die and the sample. For this reason, two alumina layers were

placed on either side of the assembly, thus the electric current goes

mainly through the graphite die during SPS process. This way, a more

homogeneous heating of the assembly is expected [18,28]. The sintering

of the assemblywas completedwith afixedheating rate of 100 °C·min−

1, up to 1150 °C, with a soaking time of 20 min at this temperature and

under a constant macroscopic and uni-axial compaction pressure of

110MPa applied since the beginning of the sintering cycle. The temper-

ature was monitored by an optical pyrometer focused on a small hole

(3 mm in depth) located at the external surface of the die. The electric

current was applied by pulses following the standard 12/2 (on/off

3.3 ms) pulse pattern. The TBC systems were then annealed for 24 h at

1100 °C under argon to promote the selective oxidation of Al from the

MoSi2 based particles. A desired level of about 20 vol% porosity in the

TBC after SPS is obtained, which is close to the porosity of industrial

APS TBCs.

Thermal cycling of each TBC systemwas performed in laboratory air.

A thermal cycle is composed of a fast heating up to 1100 °C (b10 min.)

by moving samples into the hot furnace for a duration of 1 or 24 h.

Then the sampleswere removed from the furnace and forced air cooling

(15min.)was applied. The specimenswere inspected daily and samples

showing massive delamination were removed prior to exposure to a

next thermal cycle. The failed TBC systems were mounted in epoxy

resin, cut and polishedwith 1 μmdiamond suspension prior tometallo-

graphic observations.

3. Characterization

The shell and core compositions of the healing particles were

analysed with X-ray diffractometry. A Bruker D500 diffractometer

equipped with a Huber incident beam monochromator and a Braun

PSD detector operated with Cu Kα1 (154.060 pm wavelength) was

used to record the diffractograms in the 2θ range of 15 to 80° with a

step size of 0.0387°2θ.

A transmission electron microscope (JEOL JSM 2100) coupled with

an Energy Dispersive Spectrometer (EDS, Aztec Advanced equipped)

for X-ray Micro Analysis (XMA) was employed to analyse the micro-

structure and the composition of the protective shell after SPS and an-

nealing of the self-healing TBC. Prior to the TEM investigation, a thin

lamella across the YPSZ/particle interface was prepared using a SEM

(FEI HELIOS 600i) equipped with a Focused Ion Beam (FIB).

The cross-sections of the TBC systems were examined with SEM

(LEO435VP) equippedwith anEDS (Imix-PC, PGT) for XMA. Image anal-

ysis was performed using the “Image J” software tomeasure the particle

diameters.When a specimen is cut, the cross-section does not necessar-

ily pass through themiddle of the particles. For this reason, a correction

factor (≈1.21) corresponding to the relative error between the mea-

sured diameter and the real diameter of the particles was applied [29].

4. Results and discussion

4.1. Shell composition of encapsulated MoSi2 based particles

To preserve the integrity of the shell during annealing, the encapsu-

lated particles were first exposed at 450 °C, to gradually release themo-

lecular water from the gel, and to prevent shell cracking during

annealing at 1200 °C for 1 h in Ar, to convert the shell into α-Al2O3. Ac-

cording to the XRD results, the core of the MoSi2 based particles

remained intact; see Fig. 2. After exposure at 1200 °C, α-Al2O3 and

some Al18B4O33 of the shell were observed and tetragonal MoSi2 as

the main constituent of the core of the particle. Minor amounts of

Mo5Si3 and MoxBy in the core of the particles were identified. Also,

some remnant hexagonal Mo(Si,Al)2 was detected.



The shell microstructure of encapsulatedMoSi2(B) based particles in

the YPSZ composite prepared by SPS and after annealing in Ar at 1100 °C

for 24 h is shown in Fig. 3. The YPSZ matrix consists of tetragonal zirco-

nia as determined by XRD. A desired level of about 20 vol% porosity in

the YPSZ matrix after SPS is obtained, which is close to the porosity of

industrial APS TBCs. A cross-section viewof the embedded encapsulated

MoSi2 based particles is seen in Fig. 3(a). Although there is a (small)

mismatch in the values of the published coefficients of thermal expan-

sion (CTE) of YPSZ (10.5 × 10−6 °C−1 [30]) and MoSi2 (8.1 × 10−6 °C−

1 [31]), no visible cracks were observed in the densified composite.

This is consistent with our previous work on YPSZ composites contain-

ing MoSi2 inclusions prepared by SPS [22]. A continuous dark phase

with an average thickness of 0.7 μm was observed around the MoSi2
based particles. This phase corresponds to the protective shell that

was deposited via the sol-gel route onto the particles and also formed

during annealing by selective oxidation of Al contained in the MoSi2.

TEM observations of a representative area of the interface between

YPSZ and the particle are shown in Fig. 3(b) and (c). The core of the

MoSi2 particles is composed of two phases, viz. t-MoSi2 and t-Mo5Si3.

The latter is present inside the particle but also forms a continuous

layer around the particle with a thickness of about 100 nm. This layer

is expected to form during deposition of the protective shell or during

SPS process followed by annealing treatment as results of the selective

oxidation of the silicon from the MoSi2 based particle according to the

following equation [32]:

5 MoSi2 sð Þ þ 7 O2 gð Þ→Mo5Si3 sð Þ þ 7 SiO2 sð Þ ð1Þ

The second oxidation product, which is silica, can be observed as a

continuous layer with an average thickness of 300 nm on top of the

Mo5Si3 phase. The silica scale is amorphous and enrichedwith nanopar-

ticles identified asMoO2 of about 5 nm in diameter. This implies that de-

spite the establishment of a continuous layer of silica and the low

oxygen partial pressure at the Mo5Si3/SiO2 interface, Mo can oxidize

and escape as gaseous species. This observation is consistentwith a pre-

vious study [33]. The EDS did not allow to detect the presence of B due

to its low atomic number. However, many researchers reported the for-

mation of a borosilicate phase when B enriched MoSi2 materials are ox-

idized at high temperatures in air [34–38]. The presence of boron oxide

within silica is responsible for the decrease of the melting temperature

and the viscosity of this oxide [35]. This could also help the evacuation of

Mo oxide volatile species. Al and Si rich oxides withMo and Ywere also

detected meaning that the borosilicate phase reacted with the Y2O3

from YPSZ and Al2O3 or Al from the protective shell or the particle, re-

spectively. The globular shape of these phases indicates that they are

likely in liquid-state at the annealing temperature of 1100 °C.

An additional layer composed of γ-Al2O3 crystallites with an average

diameter of 280 nm and ZrSiO4 crystallites was observed; see Fig. 3(d).

This structure for alumina is unexpected even after quite a long anneal-

ing at a temperature of 1100 °C. The presence of other elements might

be responsible for preventing the transformation of γ into α-Al2O3.

ZrSiO4 crystallites formed as a result of the reaction between the silica

like phase and the surrounding ZrO2-based TBC and according to [39]:

SiO2 sð Þ þ ZrO2 sð Þ→ZrSiO4 sð Þ ð2Þ

Fig. 1. Schematic arrangement of materials in the graphite die for manufacturing of self-healing TBCs with spark plasma sintering (SPS).

Fig. 2. Diffraction pattern of encapsulated MoSi2 based particles alloyed with 2 wt% B and

6 wt% Al after annealing at 1200 °C for 1 h in Ar.



The formation of ZrSiO4 at temperatures as low as 1100 °C from an-

nealing of cold pressed mixtures of MoSi2 and YPSZ or YPSZ/MoSi2
multi-layer samples has been reported previously [23,40]. A silicon

enriched area was also identified close to the YPSZ matrix. This could

be explained by the formation and the flowing of a low viscosity boro-

silicate phase, during the sintering or the annealing treatment, thatwet-

ted the zirconia grain boundaries.

The protective shell around the MoSi2(B) based healing particle

embedded in YPSZ by SPS is thus composed of a stack of several dis-

crete oxide scales rather than a continuous and uniform layer of α-

Al2O3. An oxygen-impenetrable barrier between MoSi2(B) and

YPSZ is mandatory to ensure long term stability of the particle and

thus to prevent premature oxidation of MoSi2(B), even in absence

of cracks. A compilation of data from the literature related to the ox-

ygen diffusion coefficient (D) values in different oxides is shown in

Fig. 4. One can observe that the lowest value for D pertains to α-

Al2O3 which motivated the choice to deposit such oxide as a contin-

uous layer around the particles to protect them against oxidation

[11]. TEM observations highlighted the presence of ZrSiO4 and γ-

Al2O3 crystallites; see Fig. 3(b) and (c). The D value for ZrSiO4 is

also low meaning that ZrSiO4 could protect the particles against ox-

idation but with a more limited effect compared to α-Al2O3. How-

ever, being discontinuous, the oxide layer formed with these

oxides is not expected to be an extremely efficient diffusion barrier

against oxygen.

A continuous layer made of a borosilicate phase was observed

around the particles; see Fig. 3(b). However, the D value for SiO2-B2O3

is several decades higher than those for α-Al2O3 or ZrSiO4, which sug-

gests that it is not expected to be an effective protective shell for the par-

ticles. Therefore, it is of interest to perform long duration exposures of

the particles at high temperature in order to assess the effectiveness of

the different oxides as protective shell and consequently the stability

of the particles.

4.2. Silicide formation, consequences and prevention

A first attempt to prepare self-healing TBCs wasmade by sintering a

mixture of YPSZ and 20 vol% of MoSi2 based particles as TBC on a

NiCoCrAlY coated Hastelloy X substrate by using the sintering cycle pre-

viously described for themanufacturing of complete TBC systems. Fig. 5

shows a cross-section view of this system after manufacturing. One can

observe a well densified reaction zone of about 45 μm in thickness be-

tween the TBC and the BC. According to XMA, the bright grey phase be-

tween the YPSZ grains corresponds to a solid solution of Ni, Co and Si.

These silicides are expected to form during the SPS process as a result

of the reaction between the MoSi2 based particles and the NiCoCrAlY

bond coating. The formation and growth of silicides with poor mechan-

ical properties, that fill the pores of the TBCmaking it less strain compli-

ant, leads to fast spalling of the TBC after SPS process or after few

thermal cycles. Thus, the formation of silicides at the YPSZ/BC interface

is detrimental for the lifetime of the TBC.

The growth of Ni silicides is known to be controlled by Ni diffusion

[49–51]. Co is the major diffusing specie during the growth of CoSi2
[52], while the growth of CoSi is controlled by Si diffusion [52]. These

diffusion-controlled growth processes involving Ni or Co are in good

agreement with our experimental observations of the initial bond coat-

ing - TBC interface; see Fig. 5. This formation of silicides was also ob-

served with smaller amounts of MoSi2 particles, down to 5 vol%, even

if the contact between the bond coating and the particles is limited. It

might be the case that during SPS and more especially during heating

that the MoSi2(B) based particles oxidize, leading to the formation of a

low viscosity borosilicate phase that flows between the unconsolidated

YPSZ grains and came into contact with the Ni and Co from the bond

coating making a fast diffusion channel for these elements. Further-

more, there is a eutectic point at 964 °C for the Ni-Si systemwhich is al-

most 200 °C below the sintering temperature [53]. All these aspects

explain the relatively fast growth kinetics of the silicide scale.

Fig. 3. Composite of encapsulated MoSi2(B) based healing particles embedded in YPSZ after annealing in Ar at 1100 °C for 24 h: (a) cross-section of the composite just before lift-out of a

thin FIB lamella. (b) and (c) TEM images of the FIB lamella afterfinal thinning. (d) diffraction pattern of aγ-Al2O3 crystallite. Here, ‘T' denotes some undesirable pores introducedduring the

thinning process.



In order to prevent the formation of the silicide phases, the

MCrAlY coated substrates were pre-oxidized at 1100 °C in “air” vac-

uum (i.e. 3.10−3 Pa). This thermal treatment promotes the formation

of a thin α-Al2O3 oxide scale (0.9 μm) on top of the bond coating that

will act as a physical-chemical barrier between the particles and the

bond coating. An annealing treatment consisting of 2 h in ‘air’ vac-

uum at 1100 °C followed by 5 h in air at the same temperature was

shown to be enough to prevent the formation of silicides. All MCrAlY

coated substrates were consequently pre-oxidized according to the

previously described annealing treatment prior to the sintering of

the TBC top coat.

4.3. Thermal cycling behaviour and crack healing

A series of top views of a TBCmade of a mixture of 10 vol% of encap-

sulated MoSi2(B) based particles and YPSZ is shown in Fig. 6 and high-

lights the evolution of the damage during thermal cycling of the TBC

coated system. One can observe that there is no spallation of the TBC

even after 1084 cumulated hours (30 cycles) at 1100 °C. Failure of the

system is observed after 31 cycles at 1100 °C which is associated with

the spalling of almost half of the TBC. Fig. 7(a) shows that the TBC re-

mains in some area adherent to the underlying bond coating hence

demonstrating the good quality of this ceramic coating. No visible cracks

were observed even given the mismatch between in the values of the

coefficients of thermal expansion of the particles and the YPSZ matrix.

Formation of spinels was observed in the TGO indicating that the Al res-

ervoir of the bond coating is fully depleted. Such phenomenon is attrib-

uted to the presence of Al2O3 at the intersplat boundaries of the bond

coating that formed during plasma spraying process and hinder Al sup-

ply from the bond coating to the bond coating/TGO interface [54]. The

formation of voluminous Ni/Cr spinels, with high growth rates com-

pared to α-Al2O3 [55] is responsible for the local development of

stresses leading to the initiation of cracks within the TBC and close to

the TGO/TBC interface; see Fig. 7(b).

As can be seen in Fig. 7(b), a crack that initiated at the TGO/TBC in-

terface, propagated through the TBC and interacted with MoSi2
(B) based particles. Image analysis revealed that cracks crossed almost

50% of the particles. This demonstrates a strong adhesion between the

protective shell and YPSZ matrix as well as between the protective

shell and the core of the particles. Indeed, strong interfaces are needed

for the crack to cross theparticle instead of propagating at theprotective

shell/YPSZ interface or being deflected away from the particles [56]. The

crack/particle interaction is thus critical for an efficient triggering of the

self-healing mechanism.

Fig. 8(a) shows a crack that propagated through the protective shell

and the particle, leaving it unprotected against oxidation. At high tem-

perature, i.e. during the hot dwell of the thermal cycle, oxygen diffusing

both through the crack pathway and the surrounding YPSZ matrix

reacted with the MoSi2 based particle (Eq. (1)). This reaction resulted

in the formation of amorphous borosilicate phase (black phase) that

flowed into the crack and wetted the YPSZ grains. The driving force

for this flow is the high-volume expansion when converting t-MoSi2
(24.3 cm3·mol−1) [57] into amorphous SiO2 (28.9 cm3·mol−1) [58].

The EDS detector did not allow the detection of the presence of B due

to its low atomic number, but this element is expected to be present

in the silica phase as boron oxide. Finally, the borosilicate phase locally

Fig. 4. Diffusion coefficient of oxygen D as a function of temperature θ for zirconia [41],

silica [42], mullite [43], alumina [44] and zircon [45–47]. Domains for oxygen diffusion

in amorphous and crystalline silica are reproduced from Ref. [48].

Fig. 5. SEM backscatter electron image of a cross-section of a TBC system as manufactured by spark plasma sintering highlighting the occurrence of a reaction between the MoSi2 based

particles and the NiCoCrAlY bond coating leading to the formation of (Ni, Co)2.2Si silicide.



reacted with the surrounding ZrO2-based TBC leading to the formation

of a new crystalline phase (Eq. (2)), identified by XMA as being zircon.

One can clearly observe that ZrSiO4 links the opposite crack surfaces,

meaning that the crack is locally healed. The healing mechanism

depicted here is in very good agreement with the envisioned self-

healing concept and mechanism reported earlier [11]. No molybdenum

was detected by XMA in the borosilicate phase meaning that this ele-

ment escaped the system, most probably as Mo volatile oxides (e.g.

MoO3), through the crack pathway during high temperature exposure.

The crack opening distance near the particle is about 0.5–0.6 μm; see

Fig. 8(a). Healing of the crack is visible at a distance up to 4.5 μm from

the oxidized particle. Complete healing of the crack is not observed

due to an insufficient number of crossed particles and thus a limited Si

reservoir for silica formation. As mentioned in the experimental part,

the TBC is porous (about 20 vol%) and thus a larger amount of silica is

necessary to fill the crack and the pores. Fig. 8(b) shows a crack that

crossed several particles just above the TBC/TGO interface. The crack

length is about 215 μm and the spacing between the particles is about

15 μm and filled with a SiO2(-B2O3) phase. Not all the crack is filled

with borosilicate phase and this phase was only partially converted

into zircon. However, even if the crack is not fully healed, it might be

enough to limit the damage to a non-catastrophic level and prevent fur-

ther propagation of the crack.

4.4. Stability of the healing particles

Many particles remained intact after long exposure at high temper-

ature as shown in Fig. 7 and Fig. 8(b). Consequently, and despite the fact

that the shell is not only pure α-Al2O3, the shell offers good protection

to the particles core. This observation is important because a good ther-

mal stability of the particles is necessary to ensure healing ability of the

TBC even after long exposure at high temperature in an oxidizing envi-

ronment. A continuous layer of zircon (grey phase) can be observed

around the particles; see Fig. 7(b). This zircon layer may be responsible

for the oxidation resistance of the particles by acting as a diffusion bar-

rier against oxygen [59]. Indeed, the value for the diffusion coefficient of

oxygen in ZrSiO4 is several orders smaller than the diffusion coefficient

of oxygen in SiO2-B2O3 [42,45–47].

In this work, it is shown that after sintering and short annealing, the

alumina shell deposited around the MoSi2(B) particles is not composed

of pure α-Al2O3 but is a mixture of different oxides, among them a con-

tinuous layer of borosilicate. Since MoSi2 oxidizes spontaneously, even

Fig. 6. Evolution of damaging during thermal cycling at 1100 °C of a complete self-healing TBC system made by spark plasma sintering of a mixture of YPSZ powder and 10 vol%

encapsulated MoSi2(B) based particles sintered on a NiCrAlY coated substrate.

Fig. 7. SEM backscattered images of cross-section views of a TBC made of a mixture of YPSZ powder and 10 vol% encapsulated MoSi2(B) based particles sintered on a NiCrAlY coated

substrate after 1108 cumulated hot hours at 1100 °C (31 cycles): (a) uncracked area, (b) cracked area near the spalled area.



in the absence of cracks, the size of the particles is expected to decrease

drastically with time. Carter developed a kinetic model for solid-gas or

solid-solid reactions between spherical particles and gas or fine-

particles [60]. In this model, it is assumed that the oxidation reaction

is controlled by diffusion through the oxide layer. The oxidation rate

of the spherical particles is given by Eq. (3).

t ¼
r20

2 z−1ð Þk
z− z−1ð Þ 1−xð Þ

2
3− 1þ z−1ð Þx½ &

2
3

n o

ð3Þ

where t is time, r0 is the initial radius of the particle at the initial stage

(i.e., t = 0), z is the relative volume expansion when the metal reacts

to form the oxide or Pilling-Bedworth ratio, k is the parabolic rate con-

stant and x the oxidation ratio (i.e., the fraction of the particle which

has oxidized).

In the present work, it is assumed that the MoSi2 based particles are

nearly spherical, with a r0 value of 8 μmand covered by a uniform boro-

silicate oxide scale. Furthermore, it is considered that the Si consumed

from the particle is used to grow this scale and that all the remaining

Mo escapes from the particles presumably as volatile Mo oxides. The

formation of a Mo rich phase (i.e., Mo5Si3) is neglected. This implies

that at each time, the system is composed of a spherical MoSi2 particle

covered with a uniform borosilicate scale.

Eq. (3) was solved numerically using a z value of 2.4 (as obtained

from the molar volumes of MoSi2 and SiO2, respectively; cf. [11]) and

k value of 5.0 × 10−5 μm2·s−1 corresponding to the parabolic constant

for the growth of SiO2-B2O3 on a MoSi2 substrate alloyed with 2 wt% B

[23]. The dependence of the oxidation ratio (x) with time (t) is given

in Fig. 9. Experimental oxidation ratio (xexp) values satisfy r3 = (1 −

xexp)r0
3 where r is the instantaneous radius of the MoSi2 spherical parti-

cle. The r values were determined from SEM cross-sections of the TBCs

after thermal cycling and using image analysis. One can observe, from

data derived from the kinetic model (Eq. (3)), that in the case of a par-

ticle covered with a borosilicate oxide scale, the particle is fully con-

sumed (x = 1) after 77 h cumulated hours at 1100 °C. Full

consumption of unprotected particles after only 77 h dismisses them

as healing agents in TBC systems for long duration exposure in an oxi-

dizing environment. Furthermore, almost half of the particle is con-

sumed after 10 h. A k value (Eq. (3)) of 5.3 × 10−7 μm2·s−1 was found

to fit best the experimental data. This value is almost 100 times smaller

than the one obtained for a uniform layer of SiO2-B2O3 (5.0 × 10−5

μm2·s−1 [23]). This demonstrates the stability of the encapsulated par-

ticles and the possibility to use them as healing agents for long exposure

times under service conditions.

5. Conclusions

The protocol formanufacturing a new self-healing TBCmade of YPSZ

and core-shell encapsulated MoSi2(B) based particles by spark plasma

sintering as well as its healing behaviour is presented. A self-healing

Fig. 8. SEMbackscatter electron image of a cross-section view of a TBCmade of: (a) amixture of YPSZ and 5 vol% of encapsulatedMoSi2(B) based particles after 151 cycles of 1 h at 1100 °C,

and (b) a mixture of YPSZ powder and 10 vol% encapsulated MoSi2(B) based particles sintered on a NiCrAlY coated substrate after 1108 cumulated hot hours at 1100 °C (31 cycles).



TBC made of a mixture of YPSZ powder and encapsulated MoSi2
(B) based particles has been applied on MCrAlY coated Ni based super-

alloys using spark plasma sintering. SEM observations of cross-section

of the SPS sintered TBC revealed that no cracks were present resulting

from thermally induced stresses due to difference in CTE of MoSi2
based particles and YPSZ matrix.

Pre-oxidation of the MCrAlY coated substrates is necessary to form

an α-Al2O3 oxide scale that prevents the formation of silicides. It is ob-

served that exposure of MoSi2 based particles in contact with or close

enough to the MCrAlY layer at high temperature is responsible for the

formation of brittle and fast-growing Ni/Co silicides. Such formation

leads to early spallation of the TBC.

After short exposure to high temperature, theα-Al2O3 shell that ini-

tially covered the particles is converted to amuchmore complex shell. It

consists of an overlap of silica or borosilicate oxides, γ-Al2O3 and ZrSiO4

crystallites, and Si enriched ZrO2 oxide scale. Despite the higher oxygen

diffusivity in the aforementioned oxides compared to α-Al2O3, this

multi-layer andmulti-oxide shell offers a goodprotection against oxida-

tion of the MoSi2(B) based healing particles. When such a protective

shell is present, the particles oxidize at a rate almost 100 times slower

than unprotected MoSi2(B) based particles.

The self-healing TBC samples exhibit a good resistance against ther-

mal cycling at 1100 °C in air, which demonstrates the feasibility and the

good performance of this TBC made by spark plasma sintering. Post-

mortem observations in the cracked areas of the TBC showed that

some cracks are partially filled with borosilicate or silicate phase and a

zircon phase that connects both surfaces of the crack. These observa-

tions confirm the intended self-healing mechanism of MoSi2(B) based

particles reinforced yttria partially stabilized zirconia based TBCs.
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