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� Healing particles of Mo(AlxSi1-x)2 is
designed for encapsulation in terms
of alumina shell thickness, particle
size and fraction Al dissolved.

� By replacing Si by Al in MoSi2, a
strong crack damage healing ability is
maintained (relative volume
expansion � 40 %).

� By oxidation in a low pO2 ambient,
volatile Mo-oxide formation was
inhibited and exclusive formation of
a-Al2O3 shell was promoted.

� A dense a-Al2O3 shell with thickness
of 1.3 lm envelopes the MoSi2
healing particles was achieved.

� The encapsulation method designed
provides MoSi2 particles with 86 %
less weight loss upon oxidation
preserving the healing capacity.
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a b s t r a c t

To prevent premature triggering of the healing reaction in Mo-Si containing self-healing thermal barrier
coating system, an oxygen impenetrable shell (a-Al2O3) around the sacrificial healing particles (MoSi2) is
desired. Here an encapsulation method is presented through selective oxidation of Al in Mo(AlxSi1-x)2 par-
ticles. Healing particles of Mo(AlxSi1-x)2 is designed in terms of alumina shell thickness, particle size and
fraction Al dissolved. By replacing Si by Al in MoSi2 up to the maximum solubility (x = 0.65) a strong crack
healing ability is maintained (relative volume expansion � 40 %). The formed exclusive a-Al2O3, featuring
a two-layered structure, results from a counter-diffusion process along the grain boundaries, and its oxi-
dation kinetics fits well with the 3D diffusion-Jander model. After 16 h exposure in gaseous ambient with
a pO2 of 5 � 10-10 atm. at 1100 �C, a closed and dense shell of a-Al2O3 is formed with a thickness of about
1.3 lm. The oxide shell produced under this condition provided healing particles with significantly
improved stability upon exposure to high pO2 of 0.2 atm. at 1100 �C for 50 h. The particles after exposure
feature an inner core of MoSi2 with Al completely consumed and an oxide shell of a-Al2O3.
� 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
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1. Introduction

Thermal barrier coating (TBC) systems are applied on the metal-
lic components to provide thermal insulation from the hot gas
stream in gas-turbine and jet engines [1–5]. With the use of a
TBC, the modern gas-turbine engines are enabled to operate at
gas temperatures well above the melting temperature of the
nickel- or cobalt-based structural superalloys (�1300 �C), thereby
improving engine efficiency and performance [1–5]. Yttria Partially
Stabilized Zirconia (YPSZ) is the most widely used ceramic for TBCs
because of its low thermal conductivity at high temperatures
(2.3 W�m�1� oC -1 at 1000 �C) in conjunction with high ‘‘strain tol-
erance” and chemical stability [1–5]. However, high stresses (2–6
GPa) are generated in these coatings when applied in e.g. gas tur-
bine and jet engines where they are exposed to thermal cycles
between operating and room temperature [1,4]. These stresses
arise due to the difference in thermal expansion coefficients (CTEs)
of the ceramic coating of YPSZ (11–13 � 10-6 �C -1) and the metal
substrate (18–20 � 10-6 �C -1) [5] and give rise to the formation
of microcracks, which propagate and eventually coalesce, and ulti-
mately leading to TBC spallation [1,2,4–10]. The Mo(AlxSi1-x)2 par-
ticles are envisioned to be embedded in the bottom part of the TBC
[7,11] near the interface with the bond coating where delamina-
tion cracks usually initiate [12,13].

A new self-healing TBC system was proposed to extend the life-
time [8,9,11,14] and has been applied successfully in a real TBC
system [7,15,16] based on the oxidation of boron doped molybde-
num disilicide (MoSi2-B) particles embedded in ZrO2-based TBC
[4,7,15]. When intercepted by cracks [8,9], the MoSi2 healing par-
ticles oxidize preferentially and lead to the formation of amor-
phous SiO2, which fills the crack gap and establishes direct
contact with the crack faces [4]. The amorphous SiO2 subsequently
reacts with the ZrO2 of the matrix to form a load-bearing ZrSiO4

phase, whereby wetting of the crack faces is achieved [4,17]. This
prospective self-healing concept can be exploited to other high
temperature structural ceramics as well [18,19].

The concept of self-healing TBC involves creating an inert and
oxygen impenetrable shell around the sacrificial healing particle
(MoSi2), which prevents premature triggering of the healing reac-
tion [7,15]. A shell composed of a-Al2O3 is the most promising,
since this oxide is stable at high temperatures in an oxidizing envi-
ronment and exhibit a very low permeability of oxygen compared
to other oxides [20–22]. The encapsulation of MoSi2 particles with
a-Al2O3 has been realized by a precipitation [23] and a sol–gel [24]
method followed by a calcining process. Both these encapsulation
methods are applicable prior to embedding the healing particles
into the YPSZ matrix as for example when manufacturing a self-
healing TBC by spark plasma sintering [15].

Here an alternative method, based on selective oxidation
[25,26] of Al in Mo(AlxSi1-x)2, is explored to encapsulate the MoSi2
sacrificial particles for self-healing TBCs. This method has already
been applied successfully when manufacturing a self-healing TBC
by plasma spraying [7,16]. The advantage of this encapsulation
by selective oxidation of Al in Mo(AlxSi1-x)2 is that the alumina
shell on the healing particle is directly formed at temperatures
comparable to those during high temperature operation of TBCs
[1]. When the Mo(AlxSi1-x)2, healing particles are embedded in
YPSZ, the encapsulation can be performed in-situ by annealing
the system in an appropriate ambient before applied in working
conditions, since the YPSZ matrix is permeable for oxygen [17].
Moreover, TBCs usually are porous [1–5].

In this work, for the encapsulation of Mo(AlxSi1-x)2, healing par-
ticles is designed in terms of alumina shell thickness, particle size
and fraction Al dissolved. The conditions for the selective oxidation
of Al to form a dense a-Al2O3 shell such as temperature and oxygen
2

partial pressure are determined based on thermodynamic and
kinetic data.

2. Theory and experimental procedures

2.1. Selective oxidation of Al in Mo(AlxSi1-x)2 particles
2.1.1. Composition and crystal structure
Mo(Al,Si)2 appears with three different crystal lattice structures

depending on the ratio of Al to Si ratio, which include: tetragonal
(C11b), hexagonal (C40) and orthorhombic (C54) structures; see
the Mo–Al–Si ternary phase diagram at 1500 �C in Fig. 1a. MoSi2
exhibits the tetragonal (C11b) crystal structure, which has a small
solubility of Al (1.9 at.% at 1500 �C). Further substitution of Si with
Al results in Mo(Al,Si)2 with a hexagonal (C40) crystal lattice struc-
ture, which exists over a wide composition range (up to about 30
at.% Al at 1500 �C). Beyond this composition, Mo(Al,Si)2 takes the
orthorhombic (C54) crystal lattice structure.

2.1.2. Oxidation
The temperature of 1100 �C at which the oxidation experiments

are executed, is chosen in view of the application in thermal barrier
coating systems [1,27,28]. In order to define the conditions for
selective oxidation of Al of Mo(Al,Si)2 at 1100 �C, the stability of
the constituting elements and their oxides as a function of the oxy-
gen partial pressure in a gaseous ambient is considered; see Fig. 2.
The oxygen partial pressure (pO2) of 10-14 atm. lies just below the
dissociation oxygen partial pressure of Mo-oxides at 1100 �C, but
far above the dissociation oxygen partial pressure of Si- and Al-
oxides according to the metal/oxide stability diagrams; see
Fig. 2a–d. SiO(g) exist as the highest vapor pressure of about 10-
10 atm. with a pO2 of 10-14 atm. in the gaseous ambient; see
Fig. 2d. During oxidation of Mo(Al,Si)2 at 1100 �C with a pO2 of
10-14 atm., the solid oxide of MoO2 cannot be formed and the
vapour pressures of the volatile Mo-oxides are very low (<10-10

atm.). While the pO2 of 5 � 10-10 atm. lies above the dissociation
oxygen partial pressure of solid MoO2 with the highest vapor pres-
sure of gaseous (MoO3)2 is only about 10-6 atm. at 1100 �C. How-
ever, once the surface of the alloy is covered with a close layer of
either silica or alumina, volatile Mo-oxides will likely cease to
form. Since the dissociation oxygen partial pressure of Al2O3 is
much lower than that of SiO2 (10-31 atm. versus 10-25 atm., see
Fig. 2b and 2c), alumina will be formed preferentially.

The selective oxidation of Al in Mo(Al,Si)2, proceeds according
to the following chemical reaction under a low pO2 of 10-14 atm.
at 1100 �C [29]:

MoðAlxSi1-xÞ2 þ 21ðx�yÞ
2ð7�10yÞO2

! 7ðx�yÞ
7�10y Al2O3 þ 7�10x

7�10yMoðAlySi1-yÞ2 þ
2ðx�yÞ
7�10yMo5Si3

ð1Þ

where Mo(AlySi1-y)2 is the intermediate product withy 6 x. The Al
depletion path according to this reaction (Eq. (1)) is identified in
the Mo–Si–Al phase diagram at 1100 �C; see Fig. 1b.

2.1.3. Kinetics
The kinetics of selective oxidation of the Mo(AlxSi1-x)2 is

described in terms of its conversion according to Eq. (1) expressed
as:

a ¼ mt �m0

m1 �m0
) a ¼ Dm=m0

ðm1=m0Þ � 1
ð2Þ

where a is the converted fraction as a function of time, m0 denotes
the initial mass,mt is the mass at time t, and m is the mass after full
conversion.



Fig. 1. Mo–Al–Si ternary phase diagram at (a) 1500 �C and (b) 1100 �C as calculated
with Thermo-Calc software. The composition of the prepared alloys is indicated
with crosses in (a) and the Al depletion paths upon oxidation are identified with
arrows in (b). The C11b, C40 and C54 represent Mo(Al,Si)2 having a tetragonal,
hexagonal and orthorhombic crystal lattice, respectively. D8M is Mo5(Al,Si)3 with a
tetragonal crystal lattice. A15 is Mo3(Al,Si) with a cubic crystal system, A2 is AlMo
with a body-centered cubic crystal lattice, and A4 is Si with diamond crystal
structure.
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When all Al is consumed (i.e., y = 0), then according to Eq. (1) it
holds that:

Mo AlxSi1-xð Þ2 þ
3x
2
O2 ! xAl2O3 þ 7� 10x

7
MoSi2 þ 2x

7
Mo5Si3 ð3Þ

Hence:

m1=m0 ¼ ð7�10x
7 MMoSi2 þ xMAl2O3

þ 2x
7 MMo5Si3 Þ

MMo AlxSi1-xð Þ2
ð4Þ

where M is the corresponding molar mass.
The rate of conversion into oxides upon thermal oxidation of

the solid particles can be described with [30]:

da
dt

¼ Ae�
Ea
RTð Þf ðaÞ ð5Þ

where, A is the pre-exponential factor of the Arrhenius relation, Ea is
the activation energy (J/mol), T is the absolute temperature (K), R is
the gas constant, f ðaÞ represents the reaction model, and a is the
fraction converted, which is derived from gravimetric measure-
ments; see Eqs (2) and (4). Separating variables and integrating
Eq. (5) gives the integral form of the isothermal rate law [30]:

gðaÞ ¼ kt ð6Þ

where gðaÞ ¼
Z a

0

dðaÞ
f ðaÞ ð7Þ

and k ¼ Aeð�
Ea
RTÞ ð8Þ

in which gðaÞ is the integral reaction model and k being the rate
constant. An experimental value for the rate constant k at different
temperatures can be obtained from plotting gðaÞ versus t.
3

The appropriate reaction model can be ascertained by plotting
the experimentally determined converted fraction a as a function
of a reduced time variable t=ta, where ta is the time required to
reach a specified conversion (e.g., a = 0.25); the so-called
reduced-time plot [30,31]. Next, the experimental data are com-
pared with theoretical reaction models [30], viz.: diffusion (D),
Avrami-Erofeyev (A), order-based (F) or geometrical contraction
(R) reaction models; see Supplementary material 1.1 for the
solid-state kinetic models and their integral expressions. The reac-
tion model that resembles the experimental data best is selected.
2.2. Experimental procedures

2.2.1. Synthesis of Mo–Si–Al alloys
Single phase Mo(AlxSi1-x)2 alloys were prepared by a one-step

sintering process. Elemental powder of molybdenum (2–5 lm
99.95+% purity, Chempur, Germany), silicon (45 lm 99.99 % purity,
TLS Technik GmbH, Germany) and aluminium (45 lm 99.8 % pur-
ity, TLS Technik GmbH, Germany) were mixed in the desired molar
ratios for 3 h with a Turbula mixer (Willy A. Bachofen AG Maschi-
nenfabrik, Type T2C, Switzerland) using ZrO2 balls with a diameter
of 5 mm. Next, the powder mixtures were densified and sintered in
a spark plasma sintering (SPS) furnace (FCT SPS system, type KCE-
FCT HP D-25-SI, Germany) at 1500 �C with a heating rate of 20 o-
C�min.�1. A pressure of 50 MPa was applied till the temperature
reached 600 �C. Then, the pressure was released to avoid leakage
of melted Al. When the temperature reached to 1500 �C, the pres-
sure of 50 MPa was applied again to promote alloying and densifi-
cation. The sample was kept for 30 min. at the sintering
temperature and thereafter naturally cooled to room temperature.

The sintered Mo(AlxSi1-x)2 alloys exhibit crystal lattice changes
from hexagonal type C40 to orthorhombic type C54 with increasing
Al content; see Section 2.1. The actual composition and the phase
fractions of the alloy bulk samples analysed with electron probe
X-ray microanalysis (EPMA) and X-ray diffractometry (XRD) are
listed in Table 1.
2.2.2. Preparation of Mo(AlxSi1-x)2 particles
After sintering, the discs (20 mm diameter and 3 mm thickness)

were crushed with a Fritsch Pulverisette (type P-0150, Germany).
Two different size fractions of the particles were prepared by siev-
ing (Analysensieb, DIN-ISO 3310–1, Retsch, Germany), namely fine
particles of size D < 20 lm and coarse particles of size D > 20 lm.
The fine powder fraction was discarded due to the manufacturing
constraints when using plasma spraying to fabricate the self-
healing TBC [16]. Then, small particles will evaporate during
plasma spraying and large particles will not be melted. Moreover,
small particles do not contain sufficient amount of Al for encapsu-
lation; see Section 3.1. To polish away the sharp edges of the
crushed particles with a size of D > 20 lm, a planetary ball mill
(PM100, Retsch GmbH, Germany) was used. To this end, a 50 ml
zirconia jar with 200 and 90 balls with diameters of 3 and 5 mm
zirconia balls were used. As polishing medium SiC (99.8 %, 1 lm,
Alfa Aesar, Germany) was used and mixed with about 25 ml iso-
propanol. Several batches of about 5.5 g of powder were milled
with a rotation speed of 100 rpm for 100 minutes which was real-
ized by cycles of milling and pause for 25 and 5 minutes, respec-
tively. Next, the milled particles were washed with deionized
water (Milli Q, 18.2 MX.cm at 25 �C) and sieved with a 20 lm
mesh sieve to remove the fine particles and the milling media.
The remaining particles were dried in an oven at 80 �C overnight.
Then, the particles were passed through a 50 lm sieve to eliminate
the coarse fraction. Finally, the particles with a size of
20 < D < 50 lm were obtained. The morphology of the as prepared
particles is shown in Fig. 3.



Fig. 2. Stability diagrams at 1100 �C for: (a) Mo–O; (b) Al–O; (c) Si–O; and (d) combined volatility diagram, illustrating the highest vapor pressure of the various gaseous
species as a function of different pO2. The dashed red and green lines indicate an oxygen partial pressure of 10-14 atm. and 5 � 10-10 atm., respectively. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Chemical composition and constituting phases of Mo(AlxSi1-x)2 materials prepared by
SPS.

Actual x Al fraction*
(at.%)

Phase fraction
(wt.%)

Crystal lattice
(–)

0.35 23.5 ± 0.5 H: 100.0 C40
0.40 26.4 ± 0.4 H: 100.0 C40
0.48 31.9 ± 0.1 H: 92.8 C40

O: 7.2 C54
0.52 34.9 ± 3.5 H: 5.4 C40

O: 14.6 C54
0.58 38.9 ± 0.3 H: 5.7 C40

O: 90.2 C54
T: 4.1 D8M

0.65 43.1 ± 0.5 O: 92.7 C54
T: 7.3 D8M

H: hexagonal Mo(Al,Si)2; O: orthorhombic Mo(Al,Si)2; T: tetragonal Mo5Si3; anal-
ysed by Rietveld refinement with MAUD software.

* As determined with EPMA, cf. Section 2.2. Fig. 3. SEM image showing morphology of the Mo(Al,Si)2 particles after milling,
sieving and polishing treatment.

1 standard cubic centimetres per minute.
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2.2.3. Oxidation experiments
The Mo(AlxSi1-x)2 particles were oxidized in gas mixtures of

Ar + 8 vol.% CO2 + 50 vol.% CO and Ar + 95 vol.% CO2 + 2.5 vol.%
CO at 1100 �C, corresponding with oxygen partial pressures (pO2)
of 10-14 and 5 � 10-10 atm., respectively. Also, oxidation of the
as-prepared Mo(AlxSi1-x)2 particles was conducted in dry synthetic
air. The kinetics of isothermal oxidation were monitored with ther-
mogravimetric analysis (TGA) using a dual furnace balance
(Seteram TAG 16/18, France), which allows automatic correction
for buoyancy effects. The alumina furnace tubes have an inner
diameter 15 mm. This analyser is equipped with Pt/Pt-10 %Rh (S-
type) thermocouples. The gas mixture was admitted to the TGA
analyser via mass flow controllers (Bronkhorst, the Netherlands)
4

operated with Labview (version 2020) such that the total gas flow
matches 80 sccm1 which was equally divided over both furnace
tubes. The gases of Ar, CO and CO2 were supplied by Linde Gas Ben-
elux BV (purity better than 5N). Prior to admitting the gas mixture,
Ar was filtered to remove any residual moisture and hydrocarbons,
with an SGT click on oxygen trap (< 5 ppb O2, SGT Middelburg,
The Netherlands), Hydrosorb (< 20 ppb H2O) and Accosorb (<
10 ppb hydrocarbons) filters (Messer Griesheim, Germany),
respectively.
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The as-prepared alloy particles were mixed with yttria partially
stabilized zirconia (YPSZ, Amprit 827, H.C. Starck, Germany) with a
mass ratio of 1:3 to avoid bonding and sintering at high tempera-
ture ensuring uniform oxidation of all particles in a 100 lL alumina
crucible. The alumina crucible was first filled with about 50 mg of
the free alloy particles using a Mettler Toledo mechanical balance
(AG-204, Switzerland, accuracy ± 1 lg). Next, the YPSZ particles
were added to the crucible until the total mass reached 200 mg.
Then, this crucible with the powder mixture was placed onto a
vibrator (Henry Schein, Vibrator L, Germany) to attain a homoge-
neous distribution of the particles. Finally, the crucible with the
particles was mounted at one side of the TGA balance and an iden-
tical but empty crucible at the other side of the balance. To flush
the gas lines, balance and furnaces, the TGA system was pumped
to vacuum (<50 Pa) and refilled with Ar, which was repeated three
times. Thereafter, the dual furnaces were heated from room tem-
perature to the target temperature with 10 oC�min.�1, while purg-
ing with 80 sccm Ar, i.e., 40 sccm gas through each furnace. When
the target temperature for isothermal oxidation was reached, the
gas composition was switched to the oxidation atmosphere (see
above) while maintaining a total gas flow of 80 sccm for 16 h. After
oxidation, the furnace was cooled to room temperature with 20 o-
C�min.�1 while flushing with pure Ar.

With the same procedure as described above, isothermal oxida-
tion of the particles at different temperatures, i.e., 1050 and
1075 �C, were performed in order to evaluated the activation
energy of oxidation with pO2 of 10-14 and 5 � 10-10 atm., respec-
tively. The Mo(AlxSi1-x)2 particles were oxidized in gas mixtures
of: Ar + 21 vol.% CO2 + 50 vol.% CO at 1050 �C and Ar + 13 vol.%
CO2 + 50 vol.% CO at 1075 �C corresponding to a pO2 of 10-14,
and Ar + 97.9 vol.% CO2 + 1.06 vol.% CO at 1050 �C and Ar + 96.7
vol.% CO2 + 1.7 vol.% CO at 1075 �C corresponding to a pO2 of
5 � 10-10 atm.

The high temperature stability of the encapsulated particles
(with a low pO2 oxidation) was investigated by exposure to a high
pO2 (Ar with 20 vol.% O2) at 1100 �C. For this purpose, TGA was
employed as well. When the encapsulation in Ar/CO/CO2 atmo-
sphere was completed, the gas was switched directly to
Ar + 20 vol.% O2, for another 50 h. Finally, the furnace was cooled
to room temperature in pure Ar.

2.2.4. Characterization
The phase composition of the materials was determined with X-

ray diffractometry (XRD) using a D8 advance diffractometer (Bru-
ker, Germany) operated with Cu Ka radiation. Particles were
deposited on a Si- 510h i single crystal wafer (University Wafer,
USA). Diffractograms were recorded in the 2h range of 10 to 110�
with a 2h step size of 0.030� and a counting time per step of 2 s.
These diffractograms were evaluated using the Bruker Diffrac
EVA software (version 3.1).

The microstructure and the morphology of the particles was
observed with scanning electron microscopy (SEM) using a JEOL
JSM 6500F (JEOL, Japan). This instrument is equipped with an
ultra-dry energy dispersive spectrometer (EDS) for X-ray micro
analysis (XMA) using System 7, Thermo Fisher Noran, USA. In addi-
tion, SEM combined with a xenon plasma focused ion beam (Helios
G4 PFIB UXe, Thermo Fisher Scientific, USA) was performed to cre-
ate cross-sections of the oxidized particles. This instrument is
equipped with an EDAX system for energy dispersive X-ray micro
analysis (XMA) with an Octane Elite plus detector, using TEAM
acquisition and analysis software (version 4.5). First, the particles
to be investigated were placed on a single crystal silicon wafer
(Si- 001h i p-type, University Wafer, USA). Subsequently, one of
the particles was covered with about 2 lm layer of Pt doped with
C. Then, the particle was cut with the xenon plasma focused ion
beam (PFIB) operated at 30 keV. Finally, the surface of the particle
5

cross-section was polished with a low current Xe ion beam. Trans-
mission electron microscopy (TEM) lamella from selected area in
the oxide scale prepared with the plasma focused ion beam were
lifted. The grain morphology was observed with scanning trans-
mission electron microscopy (STEM) within the dual beam micro-
scope (Helios G4 PFIB UXe, Thermo Fisher Scientific, USA) operated
with a 30 keV electron beam. Subsequently, the thin lamellas were
analysed with TEM using a JEOL JEM-1400 plus (JEOL, Japan) oper-
ated with a 120 keV electron beam.

3. Results and discussion

3.1. Design of Mo(AlxSi1-x)2 as healing particles

It is conceived that by oxidation of Mo(AlxSi1-x)2 a closed shell of
alumina (a-Al2O3) with a core of Mo-Si will be formed. For the
application on hand, design of these particles is prerequisite.

3.1.1. Shell thickness
Assuming that the Mo(AlxSi1-x)2 particle has a spherical shape

with a diameter d, the Al2O3 shell has a uniform thickness d and
considering that all Al is consumed by selective oxidation, then
the thickness of the alumina shell can be calculated according to
[7]:

d ¼ d
2

ð1þ xMsqp

Mpqs
Þ
1
3

� 1

" #
ð9Þ

where Mp and Ms denote the molecular weights, qp and qs the den-
sities of the particle and the shell, respectively.

The explicit relation between the alumina shell thickness d and
the diameter d of the healing particle is displayed in Fig. 4a for dif-
ferent fractions x of Al. When applying a TBC with plasma spraying,
the diameter of the healing particle should be about 20 to 50 lm
due to manufacturing constraints [16,32–34]. For example, when
targeting for a minimum alumina shell thickness of 1 lm by full
Al depletion of the particles with a diameter of 30 lm, then the
minimum Al fraction x according to Eq. (9) should be 0.2; see
Fig. 4a.

3.1.2. Volume expansion
After alloying MoSi2 with Al by replacing Si, part of the volume

expansion associated with the healing reaction is sacrificed. The
relative volume expansion (RVE) of the healing particle, after all
the Al is consumed by selective oxidation of Mo(AlxSi1-x)2, cf. Sec-
tion 2.1, can be estimated by considering the oxidation induced
healing reaction:

ð7� 10xÞMoSi2þ 2xMo5Si3þ ð49� 28xÞO2ðgÞ
! 7MoO3ðgÞ þ ð14� 14xÞSiO2 ð10Þ
Then, for associated relative volume expansion can be written:

RVE ¼ ð14� 14xÞVSiO2

ð7� 10xÞVMoSi2 þ 2xVMo5Si3
� 1

� �
� 100% ð11Þ

where VSiO2 is the molar volume of 28.9 cm3 for amorphous SiO2,
VMoðAl;SiÞ2 of 24.3 cm3 for Mo(Al,Si)2 and VMo5Si3 of 68.8 cm3 for Mo5-
Si3. Although the RVE decreases with increasing Al content, the oxi-
dation reaction still exhibits a large positive volume expansion, i.e.,
RVE � 40 % for x � 0.65, which indicates a strong healing ability;
see Fig. 4b.

3.2. Direct exposure of Mo(Al,Si)2 particles to dry air at 1100 �C

When particles with the composition of Mo(Al0.40Si0.60)2 are
exposed to dry synthetic air at 1100 �C for 16 h, the oxidation



Fig. 4. (a) Relationship between the alumina shell thickness and the size of Mo(AlxSi1-x)2 spherical healing particle for diffrent compositions; (b) relationship between the Al
content in Mo(Al,Si)2 and the relative volume expansion in the healing reaction.
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results in a rather porous oxide scale; see Fig. 5a. Besides Al2O3 also
SiO2 is formed according to XMA. Initially, a rapid mass gain was
recorded, which is associated with the formation of both Al2O3

and SiO2; see Fig. 5b. However, the predicted mass gain for full oxi-
dation of Al according to Eq. (1) is much larger than recorded as
indicated in Fig. 5b, which suggests that the mass change is accom-
panied by the formation of volatile MoO3 [35]; cf. Fig. 2. Subse-
quently, the mass loss due to the formation of volatile MoO3 was
recorded. Thus, the porous oxide shell structure does not protect
the core of the particle from oxidation. Hence, oxidation in a low
pO2 ambient as a precursor for the formation of an exclusive
Al2O3 scale was performed. In the sequel, the results of this work
are reported.

It is noted that the oxidation behaviour of the particle is com-
pletely different compared with oxidation of bulk Mo(Al0.40Si0.60)2
under the same conditions [36]. Then, a closed and protective scale
of a-Al2O3 is formed under these conditions. In that case the ‘reser-
voir’ of Al is virtually infinite and the diffusion of Al in the alloy is
sufficiently fast.
3.3. Encapsulation of Mo(AlxSi1-x)2 particles by oxidation with low pO2

The X-ray diffraction patterns of the Mo(AlxSi1-x)2 particles
mixed with YPSZ granules after oxidation at 1100 �C with a pO2

of 10-14 atm. for 16 h are shown in Fig. 6. Although peaks from
YPSZ are dominant in the patterns, lines pertaining to a-Al2O3
Fig. 5. Mo(Al0.40Si0.60)2 particle after oxidation in Ar with 20 vol.% O2 at 1100 �C for 16 h: (
full oxidation of Al only is indicated.

6

and Mo5Si3 were identified. These two phases are the result of
thermal oxidation of the Mo(AlxSi1-x)2 particles. Also remanent
Mo(AlxSi1-x)2 was recognized in the XRD patterns. However, this
phase exhibits a hexagonal crystal lattice. Thus, the initially pre-
sent orthorhombic Mo(AlxSi1-x)2 phase in the high Al containing
particles (cf. Table 1) is transformed into hexagonal Mo(AlxSi1-x)2
due to Al depletion upon high temperature oxidation.

All Mo(AlxSi1-x)2 particles with different Al content features the
same surface morphology after oxidation at 1100 �C with a pO2 of
10-14 atm. for 16 h. As an example, the surface morphology of a free
particle covered with thermally grown oxide is shown in Fig. 7a–c.
The oxide scale is exclusively composed of a-Al2O3 according to
XMA and XRD. Two different oxide morphologies can be observed
(see Fig. 7a): flaky oxides forming network shaped ridges (see
Fig. 7b), and in between compact oxides (see Fig. 7c). The particles
are fully covered with an alumina shell with a thickness of about 0.
8 ± 0.3 lm after oxidation at 1100 �C with a pO2 of 10-14 atm. for
16 h, as can be seen in a cross section of a free particle; see
Fig. 8a. The Al depletion layer composed of Mo5(Al,Si)3 adjacent
to the alumina layer can also be observed; see Fig. 8b. A composi-
tion depth profile confirms the presence of the different layers
from the surface to the core of the particles after oxidation in the
low pO2 ambient at 1100 �C for 16 h; see Fig. 8c. The atomic ratio
in the oxide scale represents the exclusive formation of Al2O3. The
Mo5(Al,Si)3 depletion layer contains about 3.6 at.% Al, while the
core contains still high Al fraction; cf. Fig. 8c. The formation of
a) SEM image of a cross-section; (b) mass change. The mass gain corresponding with



Fig. 6. XRD patterns of the Mo(AlxSi1-x)2 free particles mixed with YPSZ after oxidation with an oxygen partial pressure of (a) 10-14 atm. and (b) 5 � 10-10 atm. at 1100 �C for
16 h.

Fig. 7. SEM images showing morphology of a Mo(Al0.40Si0.60)2 particle after oxidation with an oxygen partial pressure of (a)–(c) 10-14 atm. and (d)–(f) 5 � 10-10 atm., both at
1100 �C for 16 h: (a) a whole particle; (b) flaky oxide location indicated with arrow 1 in (a); (c) compact oxide location indicated with arrow 2 a in (a); (d) a whole particle; (e)
flaky oxide location indicated with arrow 3 in (c); (f) compact oxide location indicated with arrow 4 in (c).
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Mo5(Al,Si)3 phase is due to the oxidation reaction of Al at the
alloy/gas interface, viz. Eq. (1), which is consistent with the deple-
tion path indicated in Fig. 1b, and the content of Al in the Mo5(Al,
7

Si)3 depletion layer is in agreement with the Mo–Al–Si phase dia-
gram at 1100 �C; see Fig. 1b. The microstructure of the alumina
scale formed exhibits a two-layer microstructure; see Fig. 8d. A



Fig. 8. Cross-section of Mo(Al0.40Si0.60)2 particle after oxidation with an oxygen partial pressure of 10-14 atm. at 1100 �C for 16 h: (a) SEM image; (b) detail BSE image of the
shell and adjacent matrix of the particle with a-Al2O3 being the oxide shell, Mo5(Al,Si)3 being the depleted layer and Mo(Al,Si)2 being the core; (c) composition profile along
the path indicated by the red arrow in (f); (d) STEM image of the oxide shell of a-Al2O3 (the dotted curve is to distinguish the grain morphologies in the upper and lower part
of the oxide shell). The lower part of the oxide shell exhibits an equiaxed grain morphology and the upper part has columnar grains, which correspond to Al outward-diffusion
dominant and O inward-diffusion dominant growth, respectively; (e) selected-area electron diffraction pattern (SAEDP) of corresponding area indicated in (d); (f) X-ray
emission maps of O, Al, Si and Mo, respectively; location indicated with the frame box in (a). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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thin layer of columnar grains is grown adjacent to the core of the
particle, while a layer of equiaxed grains is formed at the surface
in contact with the gaseous ambient. A combination of selected-
area electron diffraction patterns (SAEDPs, Fig. 8e) and X-ray ele-
mental mapping (Fig. 8f) confirms the exclusive formation of a
continuous a-Al2O3 layer encapsulating the Mo(AlxSi1-x)2 particles.

A similar surface morphology was observed when the Mo(Alx-
Si1-x)2 particles were oxidized at 1100 �C with a pO2 of 5 � 10-10

atm. for 16 h; see Fig. 7d–f. As compared to oxidation with a pO2

of 1 � 10-14 atm., the ridges on top of the compact oxides can still
be observed (see Fig. 7d) and the flaky oxides appear denser (see
Fig. 7e and 7f). The oxidation of the Mo(AlxSi1-x)2 particles with a
pO2 of 5 � 10-10 atm. at 1100 �C, which is beyond the dissociation
oxygen partial pressure of solid MoO2 (see Fig. 2a), results also in
exclusive formation of a continuous a-Al2O3 shell; see Fig. 9a–d.
Apparently, under these oxidation condition the formation of the
volatile species MoO3 or (MoO3)2 are mitigated once the surface
of the Mo(AlxSi1-x)2 particles is completely covered with a-Al2O3.
The alumina layer of Mo(Al0.40Si0.60)2 particle is thicker when oxi-
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dized in an ambient with pO2 of 5 � 10-10 atm. as compared with
oxidation with pO2 of 10-14 atm. at 1100 �C for 16 h, i.e., about
1.3 ± 0.2 versus 0.8 ± 0.3 lm. The Al depletion layer composed of
Mo5(Al,Si)3 can be observed clearly; see Fig. 9. The exclusive forma-
tion of continuous a-Al2O3 layer encapsulating the Mo(Al0.40Si0.60)2
particles is confirmed by X-ray elemental mapping; see Fig. 9c. This
oxide layer features a distinct two-layered structure, viz. a dense
equiaxed layer on top of a dense columnar layer; see Fig. 9b. Com-
position analysis with XMA shows that still a high amount of Al is
present in the centre of the particle (Fig. 9d), namely 22.3 at.% com-
pared with 26.4 at.% initially.
3.4. The growth kinetics of alumina scale

The converted fraction of Mo(AlxSi1-x)2 particles into Al2O3 due
to oxidation at 1100 �C with a pO2 of 10-14 atm. as a function of
time is displayed in Fig. 10a. Fast oxidation during the initial stage
of oxidation can be observed for all the Mo(AlxSi1-x)2 particle com-
positions and then followed by a slow steady conversion. The fast



Fig. 9. Cross-section of Mo(Al0.40Si0.60)2 particle after oxidation with an oxygen partial pressure of 5 � 10-10 atm. at 1100 �C for 16 h: (a) SEM image; (b) STEM image of the
oxide shell of a-Al2O3 (the dotted curve is to distinguish the grain morphologies in the upper and lower part of the oxide shell). The lower part of the oxide shell exhibits an
equiaxed grain morphology and the upper part has columnar grains, which correspond to Al outward-diffusion dominant and O inward-diffusion dominant growth,
respectively; (c) X-ray emission maps of O, Al, Si and Mo, respectively; (d) composition profile along the path indicated by the red arrow. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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initial oxidation is likely associated with a not yet continuous oxide
shell around the particle.

A higher conversion rate was observed during the steady oxida-
tion stage when oxidized with a pO2 of 5 � 10-10 atm., as compared
with oxidation with a pO2 of 1 � 10-14 atm.; see Fig. 10a and 10b.
For both cases it holds that the converted fraction is practically
independent of the aluminium content (x) of the original particles.
This is somewhat different from the oxidation of bulk Mo(Al,Si)2
under the same conditions [36]. Then, the oxidation was slightly
accelerated with increasing Al content in the original material. This
difference may be attributed to the infinite supply of Al to the sur-
face of the bulk alloys maintain a high Al interface concentration
depending on the alloy’s Al content, while the particles become
depleted of Al resulting in a relatively low Al interface concentra-
tion virtually independent of the original Al content.

The prevailing reaction model was determined from the
reduced-time plot (cf. Section 2.3) made for the converted fraction
of Mo(Al0.48Si0.52)2 particles oxidized with pO2 of 10-14 atm. and
5 � 10-10 atm. at 1100 �C; see Fig. 10c and 10d. Out of the various
reaction models, the 3-D diffusion-Jander (D3) model closely
resembles the experimental data (R2 equals to 0.9933 and 0.9827
for pO2 of 10-14 atm. and 5 � 10-10 atm., respectively), demonstrat-
ing a diffusion-controlled oxidation process. The integral form of
this model is defined as:
9

gðaÞ ¼ ð1� ð1� aÞ1=3Þ2 ð12Þ
When combining Eq. (5)–(8) and (12), an expression represent-

ing the conversion a can be formulated as:
a ¼ 1� ð1�
ffiffiffiffiffi
kt

p
Þ3 ð13Þ

The rate constant k has been determined form a linear least-
square fitting of Eq. (6) to the isothermal oxidation kinetic data
for each Mo(AlxSi1-x)2 particle composition with x from 0.35 to
0.65; see Supplementary Material 1.2. The oxidation rate constant
as a function of the Al content of the original particles (cf. Fig. 10e)
confirms the faster oxidation kinetics with a pO2 of 5 � 10-10 atm.
as compared to that with a pO2 of 10-14 atm. The oxidation rate
constant k is practically independent of the Al content of the orig-
inal particles regardless the pO2 of the gas ambient (see above).

Activation energy of the oxidation in the pO2 of 10-14 atm. and
5 � 10-10 atm. were evaluated according to Eq. (8); see Fig. 10f.
The activation energy equals to 184 ± 22 kJ/mol and 83 ± 11 kJ/
mol for the oxidation in the pO2 of 5 � 10-10 atm. and 10-14 atm.,
respectively. These activation energies for the thermal oxidation
of the Mo(Al,Si)2 particles are lower than that for the thermal oxi-
dation of the bulk Mo(Al,Si)2 alloys (310 kJ/mol [29,37]) and other
high temperature alumina forming alloys, e.g., Ti2AlC (250 kJ/mol



Fig. 10. Oxidation kinetics in terms of converted fraction versus oxidation time of (a) Mo(AlxSi1-x)2 particles with an oxygen partial pressure of 10-14 atm. at 1100 �C for 16 h,
and (b) Mo(AlxSi1-x)2 particles with an oxygen partial pressure of 5 � 10-10 atm. at 1100 �C for 16 h. Reduced time plots of the converted fraction a for various reaction models
(cf. Supplementary Material 1.1) and experimental data of Mo(Al0.48Si0.52)2 particles oxidized with an oxygen partial pressure of (c) 10-14 atm. and (d) 5 � 10-10 atm.,
respectively. (e) Rate constant of Mo(Alx,Si1-x)2 particles oxidized with an oxygen partial pressure of 10-14 atm. and 5 � 10-10 atm. at 1100 �C. (f) Rate constant of Mo
(Al0.4Si0.6)2 particles oxidized with an oxygen partial pressure of 10-14 atm. and 5 � 10-10 atm. at temperature of 1050 �C, 1075 �C and 1100 �C for 16 h with the activation
energies indicated.

Z. Ding, J.C. Brouwer, C. Kwakernaak et al. Materials & Design 225 (2023) 111577
[38]), FeCrAl and Ni3Al alloys (240 kJ/mol [39]). The lower activa-
tion energy for the thermal oxidation of the Mo(Al,Si)2 particles
is likely due to the large number of surface defects (such as: dislo-
cations, grain boundaries, steps and kinks, roughness, etc.), of
which their number increases with surface area [40,41]. These sur-
face defects promote the nucleation and growth of the oxide [40].

3.5. Growth mechanism of the alumina shell

The selective oxidation of Al in Mo(AlxSi1-x)2 created an a-Al2O3

shell for the inner core material. The exclusive Al2O3 scale formed
on Mo(AlxSi1-x)2 via selective oxidation process exhibits a distinct
two-layered microstructure, which features a similar microstruc-
10
ture as observed in scales developed during oxidation of alumina
forming alloys [20,42–44]. On the surface of the alloy, an oxide
layer with columnar grains and equiaxed grains on top in contact
with the gas ambient forms by selective oxidation of aluminium.
A wedge-section technique was used first to illustrate the
microstructure of Al2O3 scale formed on Fe-Cr-Al alloys [43]. In this
oxide scale, the two-layered microstructure is due to a so-called
‘‘counter-diffusion process” along the grain boundaries [43,45].
The outward diffusion of aluminium governs the growth of the
outer equiaxed layer, while the inward diffusion of oxygen deter-
mines the growth of the inner columnar layer interface [20,42–45].

In the present work, the same counter-diffusion mechanism is
considered to be responsible for the growth of the alumina scale.



Fig. 11. SEM images of Mo(Al0.40Si0.60)2 particle after isothermal exposure at 1100 �C of Mo(Al0.40Si0.60)2 first with an oxygen partial pressure of (a)–(c) 10-14 atm. and (d)–(e)
5 � 10-10 atm. for 16 h followed with an high oxygen partial pressure (i.e., Ar with 20 vol.% O2) for 50 h: (a) and (d) particle morphology; (b), (c) and (e) detail observation of
surface oxides.

Z. Ding, J.C. Brouwer, C. Kwakernaak et al. Materials & Design 225 (2023) 111577
The observed flaky oxide at the surface creating network shaped
bridges (cf. Fig. 7b and 7e), resembles to the equiaxed layer. This
oxide is formed due to outward diffusion of Al along the grain
Fig. 12. Cross section of Mo(Al0.40Si0.60)2 particle after isothermal exposure at 1100 �C firs
partial pressure (i.e., Ar with 20 vol.% O2) for 50 h. (a) SEM image; (b) STEM image on ox
and MoSi2 substrate indicated by the red arrow; (d) X-ray emission maps of O, Al, Si and
amorphous SiO2. (For interpretation of the references to colour in this figure legend, the

11
boundaries. The inner oxide layer, adjacent to the particle core,
has a columnar grain structure and is formed by inward diffusion
of oxygen. Comparing the oxide scale formed in the pO2 of 10-14
t with an oxygen partial pressure of 10-14 atm. for 16 h followed with an high oxygen
ide scale; (c) composition profile along the path across the oxide scale, Mo5Si3 layer
Mo, respectively; SAEDPs of corresponding areas indicated in (b): (e) a-Al2O3 and (f)
reader is referred to the web version of this article.)



Z. Ding, J.C. Brouwer, C. Kwakernaak et al. Materials & Design 225 (2023) 111577
atm. and 5 � 10-10 atm., it can be observed that the increase of oxy-
gen partial pressure promotes the growth of both equiaxed and
columnar grains; see Fig. 8d versus Fig. 9b. As a result, a denser
oxide scale is formed in the pO2 of 5 � 10-10 atm. compared to that
formed in the pO2 of 10-14 atm., which is the key for acting as a pro-
tective shell for the core of the particles.

3.6. Oxide shell stability

In typical applications, the oxygen partial pressure is high com-
parable to the air at atmospheric pressure (0.2 atm.) and can reach
the embedded particles because the TBC exhibits an intercon-
nected network of pores (about 20 vol.%) [1]. Therefore, particles
were exposed at 1100 �C to Ar with 20 vol.% O2 for 50 h to assess
their long-term stability after pre-oxidation in a gas ambient with
a pO2 of 10-14 and 5 � 10-10 atm., respectively, for 16 h to form an
exclusive alumina shell (cf. Section 4.3). For studying the oxide
shell stability, particles of Mo(Al0.40Si0.60)2 were selected. The Mo
(Al0.40Si0.60)2 has a single hexagonal crystal lattice structure; see
Table 1.

3.6.1. Encapsulation with pO2 of 10-14 atm.
The surface morphology shown in Fig. 11a confirms that the

particles encapsulated with pO2 of 10-14 atm. preserved their integ-
Fig. 13. Cross section of Mo(Al0.40Si0.60)2 particle after isothermal exposure at 1100 �C fi
oxygen partial pressure in dry synthetic air (i.e., Ar with 20 vol.% O2) for 50 h. (a) SEM
indicated by the red arrow in (e); (d) bright-field TEM image of the oxide scale compo
interpretation of the references to colour in this figure legend, the reader is referred to
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rity after exposure in Ar plus 20 vol.% O2 at 1100 �C for 50 h. At the
surface a granular oxide with needles and some cracks is observed;
see Fig. 11a–c. The needle oxide is composed of Al2O3-SiO2 accord-
ing to XMA and corresponds with 3Al2O3�2SiO2 according to the
atomic ratio of the elements. This is confirmed by the XRD analysis,
showing diffraction lines pertaining to mullite (3Al2O3�2SiO2) with
an orthorhombic crystal lattice; see Supplementary Material 1.3.
XRD analysis also showed diffraction lines corresponding with
tetragonal MoSi2, Mo5Si3 and a-Al2O3; but no lines corresponding
with crystalline SiO2. The tetragonal crystal lattice of MoSi2 indi-
cates that practically all Al in Mo(AlxSi1-x)2 has been consumed
during oxidation, since Al can hardly be dissolved in the tetragonal
MoSi2; cf. Fig. 1. Further, due to the mixing of the Mo(AlxSi1-x)2
with yttria partially stabilized zirconia (cf. Section 2.2), small
amounts of zircon (ZrSiO4) [13] and yttrium aluminosilicate
(YAS) [46,47] were formed on the surface of the particles during
oxidation. These oxide phases can be recognized as island shaped
species; see Fig. 11b and 11c.

After exposure in Ar plus 20 vol.% O2 at 1100 �C for 50 h, a thick
thermally grown oxide shell (about 7 lm) envelops the free parti-
cles encapsulated with a pO2 of 10-14 atm. at 1100 �C for 16 h; see
Fig. 12a. Composition analysis, elemental mapping and selected-
area diffraction patterns confirm that oxide scale consists of an
outer rim of a-Al2O3 and an inner rim of amorphous SiO2; see
rst with an oxygen partial pressure of 5 � 10-10 atm. for 16 h followed with an high
image; (b) STEM image of the oxide scale; (c) composition profile along the path
sed of fine grains; (e) X-ray emission maps of O, Al, Si and Mo, respectively. (For
the web version of this article.)



Fig. 14. Mass change of Mo(Al0.40Si0.60)2 particle during isothermal exposure at
1100 �C. First to low oxygen partial pressure (i.e., pO2 of 10-14 atm. and pO2 of
5 � 10-10 atm., respectively) for 16 h. Subsequently, exposure to high oxygen partial
pressure (i.e., Ar with 20 vol.% O2) for 50 h. The insert (a) shows the mass change
amplitude caused by switching the gas composition and insert (b) shows the initial
oxidation upon gas switching. The dash line corresponds with the mass change of
complete oxidation, i.e., when all Mo(Al0.40Si0.60)2 is oxidized into Al2O3, SiO2 and
volatile MoO3.
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Fig. 12b–f. The a-Al2O3 outer rim still exhibits a two-layered struc-
ture, but with significantly thickened columnar and equiaxed layer
compared to the oxide shell formed after encapsulation in the pO2

of 10-14 atm. for 16 h; see Fig. 8d and 12b. The SiO2 underneath fills
the gaps in the a-Al2O3 layer (Fig. 12b) and reacts with Al2O3

resulting into mullite (3Al2O3�2SiO2) as mentioned above. The core
of the remnant particle is fully depleted of Al and is composed of
pure MoSi2 with a rim of Mo5Si3; see Fig. 12c and 12d. The two-
layered structure of the a-Al2O3 in the outer rim indicates that
the growth of Al2O3 still follows the counter diffusion mechanism
when oxidizing in Ar with 20 vol.% O2 after encapsulation. How-
ever, the SiO2 formed by oxidation of the MoSi2 core due to oxygen
penetrating through the Al2O3 outer rim, indicates a limited pro-
tection provided by the Al2O3 shell formed by oxidation with a
pO2 of 10-14 atm. The Pilling-Bedworth ratio (PBR) of SiO2/Si
(2.26) is much larger than that of Al2O3/Al (1.28) [48]. Therefore,
the formation of silica is associated with a large volume expansion,
which may have caused cracking of the Al2O3 shell [7]; see Fig. 11.

3.6.2. Encapsulation with pO2 of 5 � 10-10 atm.
The integrity of the particles encapsulated with a pO2 of 5 � 10-

10 atm. and exposed to Ar plus 20 vol.% O2 at 1100 �C for 50 h is
preserved; see Fig. 11d. As compared with the particles encapsu-
lated with a pO2 of 10-14 atm., no needle shaped oxide was
observed at the surface (Fig. 11e) and the diffraction lines pertain-
ing to mullite are very weak; see Supplementary Material 1.3.

An about 4 lm thick thermally grown oxide scale envelops the
free particles encapsulated with pO2 of 5 � 10-10 atm. after expo-
sure in Ar plus 20 vol.% O2 at 1100 �C for 50 h; see Fig. 13a. This
shell is significantly thinner (4 versus 7 lm) than the shell
formed on the particles pre-oxidized with a pO2 of 10-14 atm.
Composition analysis and elemental mapping confirm that the
oxide scale consists almost exclusively of Al2O3, and that the core
of the remnant particle is fully depleted of Al and is composed of
pure MoSi2 with a rim of Mo5Si3; see Fig. 13c and 13e. The forma-
tion of an exclusive Al2O3 scale suggests that the encapsulation
with pO2 of 5 � 10-10 atm. at 1100 �C for 16 h (cf. Section 3.3)
acts as a strong barrier between the particle core material and
the gaseous ambient at high temperatures. Two layers of Al2O3

are observed in the oxide scale formed after exposure in Ar with
20 vol.% O2 at 1100 �C for 50 h; see Fig. 13b. The Al2O3 outer layer
still exhibits the two-layered structure formed by encapsulation
with pO2 of 5 � 10-10 atm. at 1100 �C for 16 h (cf. Section 3.3)
and the thickness of this layer remained the same after exposure
to Ar with 20 vol.% O2 at 1100 �C for 50 h; see Fig. 13b and 9b. In
addition to the outer layer of alumina, an inner layer of alumina
composed fine grains is formed after exposure in Ar with 20 vol.%
O2 at 1100 �C for 50 h; see Fig. 13d. This layer is formed by the
inward diffusion of oxygen through the outer layer of alumina.
A very small amount of needle like oxides can be observed in
between the outer and inner alumina layer, which is composed
of Al2O3-SiO2 according to the composition analysis and elemen-
tal mapping; see Fig. 13c and 13e.

3.6.3. Oxidation kinetics after encapsulation
The mass change during exposure of the Mo(Al0.40Si0.60)2 parti-

cles to Ar with 20 vol.% O2 at 1100 �C recorded with TGA is shown
in Fig. 14. An instant weight gain occurred after switching the gas
composition to Ar with 20 vol.% O2, followed by a gradual weight
loss. Note that the mass change amplitude caused by only switch-
ing of the gas composition is neglectable; see insert a of Fig. 14.
Assuming that the weight gain amplitude is due to the selective
oxidation of all the remaining Al in the core of the particles accord-
ing to Eq. (1), then the weight gain can be calculated. This mass
change is close to the observed mass gain amplitude of particle
encapsulated in pO2 of 5 � 10-10 atm. as indicated in Fig. 14. The
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subsequent gradual weight loss is due to the formation of volatile
MoO3; see the Supplementary Material 1.4 for detailed characteri-
zation. The formation of MoO3 is likely due to particles that were
not fully sealed by an alumina shell. Particles encapsulated in the
pO2 of 5 � 10-10 atm. exhibit slower mass loss after gas switching
than those encapsulated in the pO2 of 10-14 atm., indicating a better
protection provided by the encapsulation in the pO2 of 5 � 10-10

atm.; see insert b of Fig. 14. After about 15 h of exposure to high
pO2 of 0.2 atm. the mass change ceases, suggesting that the
remaining particles will be preserved after long-time exposure to
high temperature and high oxygen partial pressure. The particles
encapsulated with a pO2 of 10-14 atm. exhibit larger weight loss
than those encapsulated with a pO2 of 5� 10-10 atm. The MoO3 will
act as a catalyst to promote the reaction between silica and alu-
mina to form mullite (3Al2O3�2SiO2) and lowers the mullitization
temperature [49,50], which explains the presence of mullite on
the particles after exposure to Ar with 20 vol.% O2 at 1100 �C. Note
that mullite is also capable to preserve the MoSi2 core, although
the diffusion coefficient of oxygen D in mullite (DO

lattice � 10-21

m2/s and DO
gb � 10-17 m2/s at 1100 �C [51]) is higher than a-

Al2O3 (DO
lattice � 10-26 m2�s�1 and DO

gb � 10-19 m2�s�1 at 1100 �C).
For comparison the oxygen diffusion coefficients of ZrO2 and amor-
phous SiO2 are DO

lattice � 10-11 m2/s [15,52] and DO2 � 10-12 m2/s
[53], respectively.

Comparing the mass change behaviour of particles during expo-
sure to Ar with 20 vol.% O2 at 1100 �C, after the pre-oxidation with
pO2 of 10-14 atm. and 5 � 10-10 atm. for 16 h, respectively, then a
large difference in weight loss is observed; see Fig. 14. The weight
loss, with respect to the value when the Mo(AlxSi1-x)2 particles are
completely oxidized into Al2O3, SiO2 and MoO3, is about 86 % and
30 % for the particles after pre-oxidation with pO2 of 10-14 atm.
and 5 � 10-10 atm. for 16 h, respectively.
4. Conclusions

Encapsulation of Mo(AlxSi1-x)2 healing particles is designed in
terms of alumina shell thickness, particle size and fraction Al dis-
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solved. The conditions for the selective oxidation of Al to form a
dense a-Al2O3 shell are determined based on thermodynamic
and kinetic data.

Encapsulation with alumina of these sacrificial particles envi-
sioned for self-healing yttria partially stabilized zirconia (YPSZ)
thermal barrier coatings (TBCs) has been realized by selective oxi-
dation of Al in Mo(AlxSi1-x)2 particles with x between 0.35 and 0.65
and an on average size of about 30 lm. By replacing Si by Al in
MoSi2 still a strong crack damage healing ability is maintained (rel-
ative volume expansion � 40 %).

A closed shell of exclusively a-Al2O3 with thickness of about
0.8 lmwas formed after oxidation in a low oxygen partial pressure
gas ambient of 10-14 atm. at 1100 �C for 16 h, whereby the forma-
tion of volatile molybdenum oxide species was mitigated. A two-
layered structure, comprising of an equiaxed layer consists of fine
grains and a thin columnar layer underneath, was observed in the
a-Al2O3 scale which is ascribed to a counter-diffusion mechanism.

Increasing the oxygen partial pressure to 5 � 10-10 atm. still
results in a shell of exclusively a-Al2O3 when oxidizing the Mo(Alx-
Si1-x)2 particles at 1100 �C for 16 h, but with a larger thickness of
about 1.3 lm. This higher oxygen partial pressure promotes the
grain growth in both equiaxed and columnar layer and results in
a dense a-Al2O3 scale.

The conversion from Al to Al2O3 does not increase with increas-
ing the Al content of the original Mo(AlxSi1-x)2 particles. The
growth of the alumina oxide shell by selective oxidation is cap-
tured with a 3-D diffusion-Jander (D3) reaction model. The conver-
sion from Al to Al2O3 is practically independent of the Al content of
the original Mo(AlxSi1-x)2 particles. The activation energy required
for oxidation of the Mo(AlxSi1-x)2 particles with pO2 of 10-14 atm.
and 5 � 10-10 atm. equals to 84 ± 11 kJ/mol and 184 ± 22 kJ/mol,
respectively, which is much lower than for the oxidation of alu-
mina forming alloys with a flat surface (about 250 kJ/mol).

The Mo(Al0.4Si0.6)2 particles encapsulated by selective oxidation
of Al with a pO2 of 5 � 10-10 atm. at 1100 �C for 16 h are the most
promising to prevent premature full oxidation in a self-healing
thermal barrier coating system. After exposure to Ar with 20 vol.
% O2 at 1100 �C for 50 h, a core of pure MoSi2 with a rim of Mo5Si3
is enveloped by a robust oxide shell of a-Al2O3. This encapsulation
provides MoSi2 particles with 86 % less weight loss upon oxidation
preserving the healing capacity of the particles.
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