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a b s t r a c t

Recently MoSi2 sacrificial particles embedded in yttria partially stabilized zirconia (YPSZ) have been

proposed as attractive healing agents to realize significant extension of the lifetime of the thermally

loaded structures. Upon local fracture of the YPSZ, the embedded healing particles in the path and in the

vicinity of the crack react with the oxygen atoms transported via the crack and first fill the crack with a

viscous glassy silica phase (SiO2). The subsequent reaction between this freshly formed SiO2 and the

existing tetragonal ZrO2 of the YPSZ leads to the formation of rigid crystalline zircon (ZrSiO4), which is

key in the crack-healing mechanism of YPSZ based materials. The isothermal kinetics of the self-healing

reaction and the mechanism of zircon formation from the decomposing MoSi2 and the surrounding YPSZ

were assessed via X-ray diffraction (XRD). The obtained results revealed that at 1100 !C the reaction

between amorphous SiO2 and YPSZ is completed after about 10 h. For a more accurate determination of

the kinetics of the self-healing reaction, bilayer samples of YPSZ e MoSi2 (with and without boron

addition) were annealed in air over a temperature range of 1100e1300 !C. This led to the formation of a

MoSi2/amorphous (boro)silica/zircon/YPSZ multi-layer, which was investigated with scanning electron

microscopy (SEM) and electron probe X-ray microanalysis (EPMA). Kinetic modeling of the growth of

zircon and silica or borosilicate layers showed that zircon growth was dominated by the diffusion of Si4þ

in zircon whereas the growth of the silica or borosilicate layer was controlled by oxygen diffusion.

Moreover, a significant increase in the rate of ZrSiO4 formation was observed due to the presence of B in

the MoSi2 particles.

1. Introduction

A concept of crack-healing in yttria patrially stabilized zirconia

(YPSZ, i.e. ZrO2 containing 4e5mol % Y2O3) has been proposed,

which involves molybdenum disilicide (MoSi2) sacrificial particles

embedded in a YPSZ ceramic matrix that respond to crack forma-

tion [1]. At high-temperatures in an oxidizing gas environment, the

MoSi2 particles in the crack path forms a glassy silica (SiO2) flowing

into the crack-gap and reconnecting the fracture surfaces. Subse-

quently, the silica formed reacts with the matrix, resulting in the

formation of crystalline zircon (ZrSiO4) phase which, unlike the

viscous silica, has a mechanical load bearing ability at high tem-

peratures [2]. As the final healing product, ZrSiO4, is key in re-

establishing the mechanical integrity of YPSZ, the mechanism and

kinetics that governs its formation is highly relevant for the effec-

tive kinetics of strength restoration of damaged YPSZ and is

therefore studied here.

The kinetics of silica formation as a result of MoSi2 oxidation at

high-temperature is well documented, e.g. Ref. [3]. However,

comprehensive knowledge on the kinetics and mechanism of the

subsequent zircon formation due to SiO2 reacting with ZrO2 is

lacking. So far, only the formation of zircon from a mixture of zir-

conia and silica in the form of quartz, cristobalite, tridymite and

amorphous phase has been studied [4]. The reaction between zir-

conia and silica requires temperatures above 1300 !C and the

allotropic modification of silica has little or no effect on the final
* Corresponding author.

E-mail address: w.g.sloof@tudelft.nl (W.G. Sloof).

https://doi.org/10.1016/j.actamat.2019.05.046



degree of zircon formation [4], whereas ZrSiO4 could be formed

from an equimolar mixture of amorphous SiO2 and ZrO2 at 1200
!C

[4,5]. Also, it has been observed that the formation of zircon from

amorphous SiO2 and tetragonal zirconia (t-ZrO2) predominates

over the allotropic transformation of amorphous silica to cristo-

balite [4]. In addition, only a few studies dealt with the actual re-

action mechanism of zircon formation [4e6]. The available data

claims that zircon precipitates at the interface between ZrO2 and

ZrSiO4 once the solubility limit of Si in zirconia is reached. However,

this is not supported yet by experimental evidence like element

concentration profiles along the ZrSiO4 layer. A complete descrip-

tion of the reaction kinetics between ZrO2 and SiO2, including

determination of the activation energy of zircon formation is

needed, since the existing data accounts only for the formation of

ZrSiO4 starting from SiO2 (including its allotropes) and only

unstabilized zirconia.

The formation of amorphous silica covering the surface upon

oxidation of MoSi2 (and Mo5Si3) is promoted by addition of boron

as MoB [7e12], thereby mitigating the formation of volatile MoO3

[13]. At relatively low oxidation temperatures, in the range of

600e800 !C, the formation of this gaseousMoO3 is considered to be

responsible for the rapid oxidation and associate disintegration of

molybdenum silicides, also known as ‘pest oxidation’ [14e16].

Recent studies have indicated that the presence of boron in the

MoSi2 particles can increase the fluidity of the amorphous SiO2

formed [2,17,18], a feature which is likely to enhance the subse-

quent reaction kinetics of SiO2 with the ZrO2 being the main con-

stituent of YPSZ. Therefore, the work presented here focuses on the

zircon formation from YPSZ and boron-free and boron containing

MoSi2 at high temperatures in an oxidizing gas environment. First,

the zircon formation is studied of a mixture of both YPSZ andMoSi2
(with and without B) powders. Next, the kinetics of zircon forma-

tion is determined quantitatively for YPSZ-MoSi2 (with andwithout

B) bilayer samples.

This work is relevant for the development of a self-healing

thermal barrier coating (TBC) system [1,19e22]; see Fig. S1 in Sup-

plementary Information. To date ceramic thermal barrier coatings

(TBCs) are applied on the surface of hot-sectionmetallic components

in advanced gas turbine engines to protect them from corrosion and

oxidation at elevated temperatures and to lower the temperature of

the metallic substrate [23e27]. Depending on the thickness and the

porosity of the TBCs, the temperature of the metallic substrates is

reduced by 100e300 !C [23,25,27e29], allowing higher operating

temperatures in the combustion chamber itself [30] and, hence,

increasing the turbine engine efficiency [31]. YPSZ is the state of art

of the current TBCs owing to its excellent chemical and thermo-

mechanical properties, such as low thermal conductivity at

elevated temperatures (2.3Wm#1K#1 at 1000 !C), low density

(6.4 g cm#3), high melting point (2700 !C), appreciable toughness

(7.7MPam0.5) and good corrosion resistance [23,25,26]. However,

unavoidably residual stresses [23,32e34] develop due to the differ-

ence in the coefficient of thermal expansion (CTE) between the YPSZ

ceramic top coat (CTE is 10e11$10#6 !C#1) [35] and the underlying

metal substrate, commonly a Ni-based superalloy (CTE is 14 $

10#6 !C#1) [28]. Upon thermal cycling these stresses initiate micro-

cracks within the brittle ceramic coating, which propagate and

coalesce causing spallation of the TBC [23,36e42]. As a result, the

metallic components are locally directly exposed to the high tem-

perature environment which can lead to local melting or local

thermal damage [23,40].

The current material of choice for TBCs does not exhibit

autonomous crack-healing capabilities, therefore self-repair

mechanisms [43] that can be executed at high temperature and

directly upon damaged sections may represent a viable solution to

prolong the lifetime of the ceramic top coat.

2. Experimental procedure

2.1. Materials and sample preparation

To study the zircon formation mechanism and kinetics in

equimolar mixtures of YPSZ (with 5mol% Y2O3) powder withMoSi2
(without and with 9 at.% B) at high temperatures in air, 70% dense

pellets were prepared. Commercial YPSZ with 5mol% Y2O3 was

used (Sulzer NS 204, average particle size 45 mm). The MoSi2
powders without and with B were supplied by ChemPur GmbH,

Germany, with 99.5 and 99% purity and average particle size of 5

and 18 mm, respectively. Henceforth, the MoSi2 particles doped

with B are denoted as MoSi2(B), while the B-free particles are

denoted as MoSi2.

For the interdiffusion experiments, bilayer samples of YPSZ e

MoSi2 and YPSZ e MoSi2(B) were prepared using spark plasma

sintering (SPS); see Ref. [44] for details of the equipment. First, B-

free and B-containingMoSi2 samples were produced with a relative

density better than 99%. Specimens of 5$ 5$ 0.5mm with

parallelepiped-like shape were cut from the sintered materials. All

surfaces of the MoSi2 specimens were finely polished using 1 mm

diamond grains in the final step. These pieces were placed in a

20mm inner diameter graphite die and, on both sides, covered

with YPSZ powder. In this case, the YPSZ powder used was Amperit

827.774 (with 4e5mol% Y2O3) that was downsized to an average

particle size of 7 mm with a planetary ball mill. The sintering was

performed at 1500 !C (heating rate of 100 !C/min) and a soaking

time of 30min, applying a uni-axial pressure of 120MPa applied

from the beginning of sintering cycle. DC pulses were applied

following the standard 12/2 (on/off 3.3ms) sequence. After sinter-

ing, the MoSi2 sample is embedded in YPSZ at the center and

intimate contact between the materials is established; see Fig. 2a in

Supplentary Information. Inside the SPS equipment and near the

sample the oxygen partial pressure is governed by the equilibrium

between the C (graphite die) and O2, CO and CO2 gases, which re-

sults in an oxygen partial pressure of 5$10#17 Pa. The oxygen partial

pressure required to form SiO2 at 1500 !C is about 10#18 Pa. These
conditions in combination with the prolonged dwell time at

1500 !C may result in the formation of a thin silica or borosilicate

layer during the manufacturing.

2.2. Isothermal annealing of powder mixtures and diffusion couples

The isothermal annealing experiments of the green tablets were

performed in an open horizontal alumina tube furnace at 1100 and

1200 !C for 0.5 up to 15 h. After annealing, the samples were quickly

removed from the hot-zone and cooled down rapidly in ambient

air. Similarly, the bilayer samples were annealed in laboratory air at

temperatures ranging from 1100 to 1300 !C and exposure times

ranging from 48 up to 240 h.

2.3. Methods of investigation

The crystalline phases of the composite pellets were identified

after each annealing period with X-ray diffractometry (XRD)

using monochromated Cu-Ka1 radiation (154.060 p.m. wave-

length). The diffractograms were recorded in the 2q range of 15

to 90!.
XRD analysis was also employed to quantify the near surface

evolution of ZrO2 consumption and ZrSiO4 formation with

annealing time and temperature. To this end, the intensity of ZrO2

peaks corresponding to the monoclinic and tetragonal phases

(112) and (020) were recorded after each annealing period within

the 2q range of 48 to 52!. Similarly, the intensity of ZrSiO4-(200)

peak intensity was observed in the 2q range of 26 to 31! to



determine the ZrSiO4 formation. In both cases, the net integrated

peak intensity was considered as a measure of the amount of ZrO2

and ZrSiO4 in the samples. The ratio between the net integrated

intensity before and after each annealing time was determined to

obtain the fraction of unreacted ZrO2 and formed ZrSiO4,

assuming that no texture had developed in the sample during the

annealing treatment.

The microstructures of the annealed composite tablets and bi-

layers were investigated with scanning electron microscopy (SEM).

To this end, cross-sections were prepared by cutting the pellets and

the bilayer samples in half; see Fig. S2a in Supplentary Information.

The thicknesses of silica and zircon layers were measured using

an image analysis program (PhotoImpact 8). First, the recorded

backscattered images were converted into binary images to sepa-

rate the two layers. Thereafter, the total number of pixels over the

length of the layers was counted to obtain the thickness values of

silica and zircon layer after each exposure temperature and time.

An example of a processed backscattered image along with the

calculated thicknesses of borosilicate and ZrSiO4 layer is displayed

in Figs. S2b and S2c in Supplementary Information.

The local compositions and composition profiles of the bilayer

samples were obtained with electron probe X-ray microanalysis

(EPMA) using wavelength dispersive spectrometry (WDS). The

composition at each analysis location of the sample was deter-

mined using the X-ray intensities of the constituent elements after

background correction relative to the corresponding intensities of

the reference materials. The measured intensity ratios were pro-

cessed with a matrix correction program CITZAF to yield the actual

composition [45].

3. Results

3.1. Oxidation phenomena

Exposure of the compacted equimolar mixtures of YPSZ pow-

der with MoSi2 or MoSi2(B) at high temperatures in air resulted in

the formation of silica (SiO2) or borosilicate (SiO2eB2O3) due to

oxidation of the MoSi2 particles; see Fig. 1a and b. These oxides

completely fill the space between YPSZ and the MoSi2. The

oxidation of Si originating from the MoSi2 and MoSi2(B) particles

resulted in the formation of Mo5Si3; see also Refs [46e49]. The

formation of borosilicate causes a partial breakup of the SieO

bonds in the silica network, which changes its properties, such

as melting point, wettability and viscosity according to

Refs. [17,18,50e56].

Subsequently, SiO2 reacts with t-ZrO2 of the YPSZ forming

ZrSiO4 at the outer side or rim of the YPSZ particles according to:

ZrO2 þ SiO2/ZrSiO4 (1)

XRD analyzes show that in addition to ZrSiO4, also Mo5Si3 and

crystalline SiO2 (cristobalite) were formed; see Fig. 2a. Amorphous

silica, which forms during MoSi2 oxidation, tends to transform into

cristobalite prior or during reaction with ZrO2 [3,46,49]. Also, some

Y2Si2O7 is observed, which suggests a reaction between the

remaining amorphous SiO2 and Y2O3 [57].

However, when boron is present in MoSi2, the rate of silica

formation as borosilicate is enhanced and the formation of ZrSiO4

is promoted. After annealing an equimolar mixture of YPSZ and

MoSi2 with 9 at.% B at 1200 !C for 15 h, only a few unreacted

MoSi2 particles with Mo5Si3 could be detected; see Fig. 2b. The

presence of boron led to the formation of amorphous borosilicate

according to XRD analysis and EPMA; see also e.g.

Refs. [9,16,52,54,55,58]. After oxidation at 1100 !C some crystal-

line SiO2 cristobalite was observed, but after oxidation at 1200 !C

only amorphous borosilicate was formed. This suggests that the

presence of B precludes the crystallization of the amorphous SiO2

to cristobalite, cf [56]. Moreover, in contrast to the oxidation

reaction between the YPSZ and MoSi2 particles, no Y2Si2O7 was

observed; see Fig. 2b. However, the acidic nature of the B2O3 and

the high annealing temperature, B2O3 can promote the removal

of yttrium ions from YPSZ [59]. This may lead to the formation of

glassy YBO3 and monoclinic zirconia (m-ZrO2), but is not

observed here.

XRD analyzes of the YPSZ powder, used in the compacted

powder mixtures (see Section 2.1), is composed mainly of t-ZrO2

with small amount of m-ZrO2, which not changed after exposure

for at 1200 !C for 15 h in air. In the XRD pattern of the YPSZ

powder used for preparing the bilayer samples with SPS (see

Section 2.1) only t-ZrO2 and no m-ZrO2 nor cubic zirconia (c-ZrO2)

was observed. Also, after SPS the compact consisted only of t-ZrO2.

After long exposure at high temperatures a minute amount of m-

ZrO2 was traceable. According to the zirconia-yttria phase dia-

gram [60], in the YPSZ with 4e5mol% Y2O3 powder only m-ZrO2

and c-ZrO2 are stable at room temperature. At high temperatures

(above about 550 !C) the tetragonal phase is stable. However,

since the diffusion of Y ions in zirconia is slow and the driving

Fig. 1. Cross-section image of (a) YPSZ e MoSi2 and (b) YPSZ e MoSi2(B) tablets after

annealing at 1200 !C in laboratory air for 15 h. Corroborated with X-ray microanalysis,

five main phases were identified: (1) Bright pebble like particles are remnant MoSi2
and MoSi2(B) particles, respectively. (2) The bright phase at the edge of MoSi2 and

MoSi2(B) belongs to Mo5Si3. (3) The darker region represents SiO2 and borosilicate,

respectively. (4) The grey region between SiO2 or borosilicate and ZrO2 is the reaction

product of these two components, namely ZrSiO4. (5) The whitish area is remnant

ZrO2.



force small [27], partitioning into m-ZrO2 and c- ZrO2 hardly oc-

curs. This metastable phase is often referred to as tetragonal prime

zirconia (t’-ZrO2).

The kinetics of the zircon formation strongly depends on the

nature of the silica (i.e. amorphous or crystalline), which is related

to the boron present in the MoSi2 particles. The presence of boron

atoms in the SiO2 lattice decreases the viscosity of glassy silica by 3

orders magnitude [18,55]. Hence, the borosilicate spreads faster

over the YPSZ surface than the boron-free amorphous silica. This

ensures a better coverage of these particles by borosilicate than by

silica [17,51], which results in a faster consumption of ZrO2;

compare Fig. 3a with Fig. 3b.

Also, the kinetics of silica formation due to the oxidation of

MoSi2 is much faster when boron is present in the MoSi2 particles;

see Fig. 4. The intensity of the (200) diffraction line of ZrSiO4

(having a body centered tetragonal crystal lattice) upon isothermal

oxidation of the composite increases more rapidly when amor-

phous instead of crystalline silica was formed. For the YPSZ and

MoSi2 powder mixture, ZrO2 is consumed rapidly at the beginning

of the annealing process (i.e. the first hours); see Fig. 4a. A similar

acceleration is observed for the YPSZ and boron containing MoSi2
powder mixture, but the amount of ZrO2 consumed and ZrSiO4

formed is twice as high; see Fig. 4a and b. Once the empty space

between the particles is filled with silica, the YSPZ particles are

sealed off from the oxygen in the environment. In this case, oxygen

can only reach the MoSi2 particles via diffusion through the

intergranular silica. Hence, the reaction decelerates after 2 h and

ceases after 5 h of isothermal annealing at 1100 !C; see Fig. 4b.

3.2. Formation of silica or borosilicate and zircon in the bilayer

system

Exposure of YPSZ e MoSi2 bilayer system to high temperatures

in air results in similar reaction products as observed in the com-

pacted powder mixtures; cf. Section 3.1. A relatively thin layer of

SiO2 is formed in between the YPSZ and the MoSi2; see Fig. 5a. An

irregular layer of ZrSiO4 is formed in the YPSZ adjacent to the SiO2

layer with some patches along YPSZ grain boundaries; see Fig. 5a.

The observed bright zones in the remnant MoSi2 layer correspond

to the Mo5Si3 phase (see Fig. 5a), which forms as a result of Si

depletion from the original MoSi2 due to oxidation. Upon very long

exposure at 1100 !C in a high oxygen partial pressure environment

further dissociation of Mo5Si3 into (amorphous) SiO2 will occur [3].

In the case of the YPSZeMoSi2(B) bilayer system, an amorphous

borosilicate layer is formed in between the YPSZ and the MoSi2(B);

see Fig. 5b. Since the diffusion of oxygen through glassy borosilicate

is faster than through B-free silica [56,61,62]; cf. Section 3.1, a

thicker oxide layer is formed in comparisonwith the B-free system;

see Fig. 4b. This amorphous silicate layer contains about 5 at.% B

(see Fig. 6), suggesting that some of the B2O3 reacts with SiO2 to

form borosilicate glass [56]. In addition, occasionally a yttrium

borate phase, likely YBO3 [59], is observed; see Fig. 6. Also, some

B2O3 reacts with Y2O3 of the YPSZ; cf. Section 3.1. Finally, the

amorphous borosilicate reacts with the ZrO2 forming ZrSiO4; see

Figs. 5b and 6. In this case, a more continuous and thicker zircon

layer is formed in between the borosilicate and YPSZ as compared

Fig. 2. X-ray diffraction patterns recorded with Cu-Ka radiation of green tablets and

after annealing at 1200 !C for 15 h in laboratory air: (a) YPSZ e MoSi2 and (b) YPSZ e

MoSi2(B) composite, respectively. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

Fig. 3. X-ray diffraction lines recorded with Cu-Ka radiation of the (112) and (020)

monoclinic and tetragonal ZrO2 peaks: (a) YPSZ e MoSi2 and (b) YPSZ e MoSi2(B)

composite after annealing at 1100 !C in laboratory air during 5, 10 and 15 h,

respectively.



with the B-free system. Moreover, it can be seen that zircon forms

along the grain boundaries of YPSZ, suggesting that silicon diffuses

into YPSZ; see Fig. 7.

3.3. Kinetics of silica or borosilicate formation and zircon growth in

bilayer system

At the high temperatures applied in this work, the growth rate

of the silica and the zircon layers is expected to be controlled by

diffusion of the reacting species through the developing SiO2 or

through the ZrSiO4 layer. Then a parabolic growth rate law is

applicable in both cases. The evolution of the thickness of borosil-

icate (x1) and zircon (x2) layer as a function of the oxidation time (t)

at 1100 !C in air are shown in Fig. 8. The initial thickness of silica

and borosilicate layers after spark plasma sintering of the bilayer

couples x0 is 1.0 and 2.9 mm, respectively. These closed layers may

have prevented the formation of MoO3. It can be seen that B

significantly enhances the kinetics of formation of both the silica

and zircon layer.

The evolution of the borosilicate and zircon thicknesses at

temperatures ranging from 1100 to 1300 !C, is shown in Fig. 9. As

expected, the thickness of borosilicate and zircon layer is increasing

with annealing temperature and exposure time.

4. Discussion

4.1. Mechanism of silica or borosilicate and zircon formation

It has been reported that the oxidation of MoSi2 is controlled by

the diffusion of oxygen ions or molecular di-oxygen through the

Fig. 4. Kinetic curves of (a) ZrO2 consumption and (b) ZrSiO4 formation in mixtures of

YPSZ e MoSi2 (red) and YPSZ e MoSi2(B) (blue) during annealing at 1100 !C in labo-

ratory air as obtained from (ex situ) XRD analysis considering the (112) and (020) ZrO2

and (200) ZrSiO4 diffraction lines. Error corresponds to 3 times the standard deviation

of the number of photons counted (Poissonian distribution). (For interpretation of the

references to colour in this figure legend, the reader is referred to the Web version of

this article.)

Fig. 5. SEM backscattered electron images of cross-section of (a) YPSZ e MoSi2 and (b)

YPSZ eMoSi2(B) interdiffusion couples after annealing for 96 h at 1100 !C in laboratory

air. A silica layer (a) or borosilicate layer (b) is developed due to oxidation of MoSi2 and

MoSi2(B), respectively. The very small bright phase at the edge of MoSi2 and MoSi2(B)

belongs to Mo5Si3. In between the silica or borosilicate layer and the YPSZ, zircon

(ZrSiO4) is formed.

Fig. 6. Chemical composition profile across the YPSZ e MoSi2(B) interdiffusion couple

after annealing at 1200 !C in laboratory air for 96 h, as obtained with EPMA. Error less

than 0.5 at.% for each element.



developing continuous silica layer [3,46,63]. The oxygen transport

through crystalline and amorphous silica has been studied exten-

sively [61,62,64]. The oxygen diffusion in amorphous SiO2 is faster

than in crystalline SiO2; see Fig. S3 in Supplementary Information.

In addition, the presence of 5 at.% B in amorphous SiO2 is reported

to enhance the transport of oxygen through the borosilicate glass

by 4 orders of magnitude than in boron free amorphous silica.

For continued formation of amorphous SiO2, oxygen has to

diffuse through YPSZ and the developing ZrSiO4 layer. The diffusion

of oxygen in t-ZrO2 is several orders of magnitude faster than in

amorphous SiO2 and hence is not rate limiting [62,65]; see Fig. S3 in

Supplementary Information. But the diffusion of oxygen in ZrSiO4 is

of the same order of magnitude as in the amorphous SiO2

[62,64,66]. Thus, for the bilayer system studied here, the oxygen

diffusion either in the amorphous SiO2 or in the ZrSiO4 layer is the

rate controlling factor for the silica formation.

Concerning the formation of zircon, either Si or Zr cations have

to diffuse through the developing ZrSiO4 layer. In the first case,

zircon is formed at the ZrSiO4 e YPSZ interface, while in the latter

case, zircon is formed at the SiO2 e ZrSiO4 interface. According to

studies by Cherniak [67] and Eppler [68], Si4þ is the fastest diffusing

cation in ZrSiO4. Hence, diffusion of Si4þ through the zircon layer is

thought to be the rate-limiting step of the zircon formation. This

being the case, zircon would grow at the ZrSiO4 - ZrO2 interface.

This is consistent with a few studies which attest that zircon pre-

cipitates at the ZrO2 e ZrSiO4 interface when the solubility limit of

silicon in ZrO2 is reached [4,6]. These studies assumed that zircon

presents an over-stoichiometric silicon (ZrSi1þxO4-x) and vacancies

at the oxygen sublattice (V::
o) [6], where interstitial silicon ðSi::::i Þ are

the fastest cationic species [6,66,68e70]. Since a parabolic kinetics

Fig. 7. Phase map of YPSZ-MoSi2(B) interdiffusion couple after annealing at 1200 !C in

laboratory air for 96 h, showing the ZrSiO4 formation at the YPSZ e SiO2 þ 5 at.% B

interface and along grain boundaries of YPSZ as obtained by SEM eEBSD of a cross

section.

Fig. 8. Kinetics of (a) silica and borosilicate and (b) zircon layer growth in YPSZ- MoSi2
and YPSZ e MoSi2(B) interdiffusion couples when annealing at 1100 !C in laboratory

air. Error bars correspond to the standard deviation of the measured thickness. The

initial thickness of silica and borosilicate layers after spark plasma sintering of the

bilayer couples x0 is 1.0 and 2.9 mm, respectively.

Fig. 9. The relation between the thickness of borosilicate (x1) and zircon (x2) layer and

annealing time at different temperatures (from 1100 up to 1300 !C) of the YPSZ e

MoSi2(B) bilayer system. Dashed lines correspond to the linear fitting of the experi-

mental data for each temperature. Error bars correspond to the standard deviation of

the measured thickness and x0 equals 2.9 mm, which corresponds to the initial thick-

ness of silica layer formed after the spark plasma sintering of the bilayer couple.



is observed for the growth of both the silica or borosilicate and

zircon layer (see Figs. 8 and 9), the growth of these two layers is

diffusion controlled rather than reaction kinetics controlled.

The ZrSiO4 forms at the ZrO2 - ZrSiO4 interface according to the

following reaction:

Si4þ þ2 O2# þ ZrO2/ ZrSiO4 (2)

For this reaction to proceed both O2# and Si4þ ions must arrive

at this interface. The oxygen ions originating from the gaseous

environment can readily diffuse inward through the YPSZ layer

[71]. The Si4þ ions coming from the silica or borosilicate layer

diffuse through the ZrSiO4 layer, likely as an interstitial [67]. This

implies dissociation of SiO2 at the SiO2eZrSiO4 interface into Si4þ

and O2# ions. Since the oxygen potential at the SiO2eZrSiO4 inter-

face is higher than at the MoSi2eSiO2 interface, the oxygen ions

diffuse through the silica layer towards the MoSi2eSiO2 interface

and react with MoSi2 contributing to the growth of the silica or the

borosilicate layer. Thus, the growth kinetics of the silica or the

borosilicate layer also depends on the diffusion of the Si4þ ions

through the zircon layer.

4.2. Kinetic model for silica or borosilicate formation and zircon

growth in bilayer system

The following model, schematically represented in Fig. 10, is

proposed to explain the growth kinetics of the silica or borosilicate

and zircon layer in the YPSZ e MoSi2 (with and without B) bilayer

system. The advantage of thismodel is that it allows the assessment

of the mechanisms that control the formation of the silica or the

borosilicate and the growth of the zircon layer.

Two cases need to be considered. In the first case, diffusion of

oxygen in the silica or borosilicate layer is the rate determining step

for the silica and borosilicate formation, and the diffusion of silicon

in the developing zircon layer is the rate determining step for the

zircon formation. In the second case, diffusion of oxygen in zircon is

controlling the growth of silica and the diffusion of silicon in zircon

is controlling the growth rate of the zircon layer.

4.2.1. Oxygen diffusion in silica or borosilicate being the rate-

limiting step for silica growth

At temperatures above 1100 !C, oxidation of a bare MoSi2 sub-

strate is known to be controlled by the slow diffusion of oxygen

through the silica layer [46,72]. Then, for the growth or production

(p) of silica or borosilicate it can be written:

dx1
dt

!

!

!

!

p

¼ k1
2x1

(3)

where x1 is the thickness of the silica layer, t is the oxidation time

and k1 the parabolic rate constant related to oxygen diffusion.

Similarly, for the formation of zircon it can be written:

dx2
dt

¼ k2
2x2

(4)

where x2 is the thickness of the zircon layer and k2 the parabolic

rate constant related to silicon diffusion in zircon. Since no zircon is

present in the bilayer systems prior to annealing at high temper-

atures in air, i.e. x2¼ 0 at t¼ 0, integration of Eq. (4) yields:

x2 ¼
ffiffiffiffiffiffiffiffiffiffi

k2,t
p

(5)

However, for the formation of zircon, part of the silica is

consumed. The rate of this consumption (c) is proportional to the

zircon formation rate described by the parabolic rate constant k2, cf.

Eqs (4) and (5). The net (S) thickening kinetics of the silica or bo-

rosilicate layer is obtained using Eqs (3) and (4), hence:

dx1
dt

!

!

!

!

S

¼dx1
dt

!

!

!

!

p

# dx1
dt

!

!

!

!

c

¼ k1
2x1

# k2
2x2

,

VSiO2

VZrSiO4

(6)

in which VSiO2
and VZrSiO4

are the molar volumes of silica or boro-

silicate and zircon, respectively. For the molar volume of silica or

borosilicate, the value of amorphous silica is taken and equals

29 cm3mol#1 [2]. The molar volume of zircon is 40 cm3mol#1 [73].

The physically consistent solution of Eq. (6) is given by:

x1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

kapp,t
q

(7)

where kapp is the apparent parabolic rate constant. This parabolic

rate constant is related to the overall mechanism involved in silica

formation, i.e. production and consumption of silica. The rate

constant k1 is directly related to the oxygen diffusion through the

silica or borosilicate layer when it grows on the MoSi2 (B) itself.

Combining Eqs (5)e(7), results in:

dx1
dt

!

!

!

!

S

¼ k1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi

kapp,t
p # a,

ffiffiffiffiffi

k2
p

2
ffiffi

t
p ¼ k1

ffiffiffiffiffiffiffiffiffi

kapp
p # a,

ffiffiffiffiffi

k2
p

!

,

'

1

2
ffiffi

t
p
(

(8)

where a equals VSiO2
=VZrSiO4

. This equation can be solved consid-

ering that in our experiments the thickness of the initial silica or

borosilicate layer (x0) is small in comparison to the thickness upon

prolonged oxidation (x1), i.e. x0z0 at t¼ 0 (cf. Figs. 8a and 9a);

hence:

x1 ¼
k1
ffiffiffiffiffiffiffiffiffi

kapp
p # a,

ffiffiffiffiffi

k2
p

!

,

ffiffi

t
p

(9)

According to Eq. (9) the growth of silica in between MoSi2 (with

and without B) and ZrSiO4 is described with a parabolic function, a

prediction which agrees well with our experimental observations;

see Figs. 8a and 9a. This implies that the proposed solution of Eq.

(6), i.e. Eq. (7) is valid.When identifying the terms of Eqs (7) and (9),

one obtains:

Fig. 10. Schematic of the transport phenomena associated with the formation of bo-

rosilicate and ZrSiO4 layers in the YPSZ e MoSi2(B) interdiffusion couples when

exposed to high temperatures in air.



ffiffiffiffiffiffiffiffiffi

kapp

q

¼ k1
ffiffiffiffiffiffiffiffiffi

kapp
p # a,

ffiffiffiffiffi

k2
p

(10)

Now, the apparent parabolic rate constant can be expressed

explicitly in terms of k1 and k2:

kapp ¼
1

2
,

)

a
2
,k2 þ 2k1 # a,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k2
*

a2,k2 þ 4k1
+

q

,

(11)

The parabolic rate constant k1 can be calculated from the

parabolic rate constants determined from the silica or borosilicate

formation (kapp) and the zircon formation (k2) in the bilayer sys-

tems; see Figs. 7e9, respectively. The relationship between these

constants reads:

k1 ¼ kapp þ a,

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k2,kapp

q

(12)

4.2.2. Oxygen diffusion in zircon being the rate-limiting step for

silica growth

If the diffusion of oxygen in the developing zircon layer is slower

than in the silica or borosilicate layer, the growth of the latter will

be determined by the rate of oxygen diffusion in zircon. Analogous

to Eq. (6), for the net growth of the silica or borosilicate it can be

written:

dx1
dt

!

!

!

!

S

¼ k3
2x2

# k2
2x2

,

VSiO2

VZrO4

(13)

but now, with k2 and k3 as the parabolic rate constant pertaining to

silicon diffusion and oxygen diffusion in zircon, respectively. A so-

lution of Eq. (13) is obtained by considering that in our experiments

the thickness of the initial silica or borosilicate layer (x0) is small

compared with the thickness upon prolonged oxidation (x1), i.e.

x0z0 at t¼ 0 (cf. Eq. (9), hence:

x1 ¼
k3 # a,

ffiffiffiffiffi

k2
p

ffiffiffiffiffi

k2
p

!

,

ffiffi

t
p

(14)

Adopting Eq. (9), the apparent parabolic rate constant for the net

growth of silica or borosilicate layer in the bilayer systems can be

obtained:

ffiffiffiffiffiffiffiffiffi

kapp

q

¼ k3
ffiffiffiffiffiffiffiffiffi

kapp
p # a,

ffiffiffiffiffi

k2
p

(15)

The relation between the parabolic rate constant k3 and the ones

determined from the observed silica or borosilicate formation (kapp)

and zircon formation (k2) reads:

k3 ¼a,k2 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k2,kapp

q

(16)

4.3. Analysis of observed silica or borosilicate and zircon growth

kinetics in bilayer system

The observed kinetics of both silica or borosilicate and zircon

formation in the YPSZeMoSi2 and the YPSZeMoSi2(B) bilayer sys-

tems (presented in Figs. 8 and 9), is evaluated and quantified with

the kinetic model presented in Section 4.2. The apparent parabolic

growth rate constant, kapp (cf. Eq. (7)), can be obtained directly from

the measured silica layer thicknesses versus annealing time of the

YPSZ e MoSi2 (with or without B) bilayer system; see Fig. 8a. The

presence of an initial silica layer (i.e. x0 the thickness at time t0) has

to be taken into account, since a thin layer forms during the spark

plasma sintering process of the bilayer system. Then, the kapp
equation reads as:

x21 # x20 ¼ kapp,ðt # t0Þ (17)

The parabolic rate constant k2, cf. Eq. (5), is determined from the

measured zircon layer thicknesses versus the annealing time; see

Fig. 9b. The results for YPSZ e MoSi2 without boron bilayer system

annealed in air at 1100 !C are presented in Table 1. In addition, the

parabolic rate constants pertaining to either oxygen diffusion in

silica (k1) or oxygen diffusion in zircon (k3), which determines the

growth of silica in the YPSeMoSi2 boron free system (cf. Section

3.2) are evaluated using Eqs (12) and (16), respectively; see Table 1.

The obtained results indicate that the ZrSiO4 layer developed is too

thin and not continuous (see Fig. 5a) and hence, its presence has a

minor effect in controlling the further oxidation of the remaining

MoSi2; see Table 1. Furthermore, the value of the parabolic constant

k1 for the YPSZeMoSi2 bilayer system is in close agreement with

the parabolic rate constant determined for the oxidation of MoSi2
bulk in air at 1100 !C (i.e. 1.1,10 #14 cm2 s#1) [3,74]. Thus, our results

suggest that for the system without boron the growth rate of silica

is controlled by oxygen diffusion in silica.

For the YPSZ eMoSi2(B) bilayer system, the addition of 9 at.% of

B leads to an increase of both the rate of borosilicate and that of

zircon formation. The parabolic rate constants, kapp and k2, increase

by factor of 35 and 4, respectively, due to the presence of B inMoSi2.

Clearly the diffusion of oxygen through borosilicate and zircon layer

is enhanced by alloying MoSi2 with boron; see Section 3.2. The

former is due to the presence of B in the SiO2 network, which alters

the characteristics of silica glass [17]. Once B dissolves into silica,

large [B5O6]
3- ring segments develop inside the SiO2 network and

widen the [SiO4]
4- tetrahedra [75], which accelerates the oxygen

transport through the borosilicate layer. The latter is due to the

more loose network in the borosilicate [17,51,61].

At 1100 !C, when boron is present in MoSi2, kapp and k1 increase

by a factor of 35 and 23.5, respectively, while k3 value only increases

by a factor of 8.6. This suggests that diffusion of oxygen through the

amorphous SiO2 layer controls the growth of the borosilicate scale.

In addition, the values of k1 are by factor of 1.2 larger than of kapp,

for temperatures ranging from 1100 to 1300 !C, suggesting that the

silica consumption to form zircon has only a small effect on the

growth kinetics of silica. This holds irrespective of the presence of

boron.

Since the diffusion of species at high temperatures in the bilayer

systems is a thermally activated process, the temperature depen-

dence of the parabolic rate constant can be described with an

Arrhenius type equation:

k ¼ A expð # EA=RTÞ (18)

where A is the pre-exponential factor, which is assumed to be

temperature independent, R is the gas constant, T is the tempera-

ture and EA is the activation energy. This holds for k1, k2 and k3,

which are related to the diffusion of single species. However, kapp
may not follow the Arrhenius law (Eq. (18)) since it combines the

effect of diffusion of two species. Nevertheless, as can be seen in

Fig. 11 the kapp values do not differ much from the k1 values, an

apparent activation energy can be evaluated from the kapp values.

The activation energies and pre-exponential factor were deter-

mined from the parabolic growth constants obtained for the

YPSZeMoSi2(B) bilayer system (see Fig. 11 and Table 1), and the

results are summarized in Table 2. For the borosilicate formation

dominated by oxygen diffusion in the silicate, an activation energy



of 234± 44 kJmol#1 and a pre-exponential factor of

1.9$10#8 cm2 s#1 are obtained. The value of the activation energy

determined here is lower than those reported in the literature for

the oxidation of bulk MoSi2 (i.e. 300 ÷ 340 kJmol#1) [46,76,77]. This

is attributed to the structural characteristics of the borosilicate

glass (i.e. the increased degree of [SiO4]
4- deformation due to sol-

ubility of B in the SiO2 network; also see Section 3.2 and Ref. [75]. As

a result, the oxygen diffusion through the borosilicate layer is

enhanced and therefore, a lower activation energy is attained for

the YPSZeMoSi2(B). The activation energy for the oxidation of

isolated MoSi2 particles containing 9 at.% B is even found to be

about 2 times lower than the value obtained in this study (i.e. about

107 kJmol#1 determined for temperatures ranging between 1050

and 1200 !C).
An activation energy of 159± 23 kJmol#1 and a pre-exponential

factor of 9.1$10#8 cm2 s#1 are obtained for zircon formation. Since

k2 is proportional to the silicon diffusion coefficient in zircon, the

activation energy obtained from Eq. (18) can be compared with

values reported in the literature and calculated from the self-

diffusion coefficients of silicon in zircon. The activation energy for

Si diffusion in zircon for MoSi2 with 9 at.% B e YPSZ systems is

nearly 4.5 and 3.5 times lower than those obtained by Cherniak [67]

and Zhang and Wu [66], while the activation energy calculated by

Veytizou et al. [6] is 2 times higher than the one obtained in this

study. The authors determined the rates of zircon formation via

solid-state reaction of amorphous silica and tetragonal zirconia [6].

It is worth noting that both studies (i.e. Veytizou et al. [6] and

Cherniak [67]) do not incorporate the effect of boron on the

network of amorphous silica, nor on the kinetics of zircon forma-

tion. As documented, once B dissolves into silica network, it

partially breaks the Si e O bond, leading to a weaker network than

that of B free amorphous silica [17,51]. This likely makes the

transport of Sii
···· interstitials easier and, hence explain the lower

activation energy value for silicon diffusion in zircon for the YPSZ e

MoSi2(B) bilayer system.

5. Conclusions

The formation mechanism and kinetics of both borosilicate and

zircon in YPSZ e MoSi2 (without B and with 9 at.% B) powder

mixtures and bilayer systems were investigated. It is demonstrated

that:

1. Zircon can be formed below 1200 !C in the YPSZ e MoSi2
powder mixture or from the bilayer, irrespective of the prior

presence of B in the MoSi2.

2. The presence of 9 at.% B in MoSi2 prevents the crystallization of

the amorphous SiO2 formed and facilitates the formation of

ZrSiO4, accelerating the reaction rate by factor of two (for the

powder mixture) or four (for the bilayer).

3. The kinetics of the zircon formation as determined by annealing

of the YPSZ/MoSi2 bi-layered systems obeys a parabolic growth

rate law. This is consistent with the diffusion of Si4þ (likely Sii
····)

through the zircon layer being the growth rate depending step,

rather than an (hypothetical) interfacial reaction (i.e. SiO2

dissolution at SiO2 - ZrSiO4 interface or ZrSiO4 formation at

ZrSiO4/YPSZ interface).

4. The growth of the SiO2 or SiO2 e 5 at.% B oxide scales below

ZrSiO4 layer obeys a parabolic law. The kinetic model suggests

that the diffusion of oxygen through the silica or borosilicate

layer dominates the growth of the borosilicate scale.

5. The presence of B in MoSi2 significantly increases the zircon and

silica formation rates. At 1100 !C the parabolic rate constant for

zircon formation increases by a factor of 4when boron is present

and the rate of silica formation by a factor of 35. The increase in

both formation rates will accelerate the crack healing in YPSZ

with embedded B-containing MoSi2 particles.

The kinetic data as obtained in this work are crucial for quan-

titative modelling of the healing kinetics and the lifetime extension

for extrinsic self-healing YPSZ thermal barrier coatings containing

healing particles of the compositions studied here.

Table 1

Parabolic rate constants kapp, k1, k2 and k3 related to the growth of borosilicate and zircon layers in the YSZ e MoSi2 and YSZ e MoSi2(B) interdiffusion systems.

Temperature (!C) 1100 1150 1200 1300

YPSZ/MoSi2 SiO2 kapp (cm
2 s#1) 2.9$10#14

e e e

k1 (cm2 s#1)a 5.1$10#14
e e e

ZrSiO4 k2 (cm2 s#1) 2.3$10#14

k3 (cm2 s#1)a 4.2$10#14
e e e

YPSZ/MoSi2-9 at.%B SiO2 with 5 at.%B kapp (cm
2 s#1) 1.0$10#12 1.2$10#12 4.5$10#12 1.1$10#11

k1 (cm2 s#1)a 1.2$10#12 1.4$10#12 5.3$10#12 1.3$10#11

ZrSiO4 k2 (cm2 s#1) 8.7$10#14 1.2$10#13 2.6$10#13 4.7$10#13

k3 (cm2 s#1)a 3.6$10#13 4.7$10#13 1.3$10#12 2.6$10#12

a Calculated using Eqs. (12) and (16).

Fig. 11. Arrhenius plots of the rate constants k1, kapp, k2 and k3 for the YSZ-MoSi2(B)

interdiffusion couples. The activation energies and pre-exponential factors are ob-

tained from linear fitting to the data points.

Table 2

Activation energy EA and pre-exponential factor A of the thermally activated growth

of the borosilicate and zircon layers in the YSZ e MoSi2(B) interdiffusion couple

given by the parabolic rate constants kapp, k1, k2 and k3; cf. Eq. (18).

Layer A (cm2/s) EA (kJ/mol)

Net borosilicate growth (kapp) 1.9$10#8 #228± 42

Borosilicate growth (k1) 1.9$10#8 #234± 44

Zircon growth by oxygen diffusion (k2) 9.8$10#8 #159± 23

Zircon growth by silicon diffusion (k3) 2.5$10#6 #190± 31
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